ABSTRACT
CAMERINO, MICHAEL Damage Localization From Sensor and Actuator Data. (Under the

direction of Assistant Professor Kara Peters).

Integrated sensor systems are becoming more prevalent in structures for the purpose of struc-
tural health monitoring (SHM). A limiting factor for many current SHM methodsisthat in
order to locate damage, modeling of the structural response is required. The structural model
can introduce significant errors, in addition to those in the sensor data, both through limita-
tions in the mechanical models and manufacturing variations. Thiswork presents a method of
localizing damage that eliminates the requirement for an independent structural model. The
method is based on generating flexibility parameters of the structure in pre- and post- damage
states. In order to determine these parameters, a technigue of loading the structure at each sen-
sor location with actuators and subsequently measuring the displacement at all sensors has
been developed. This allows the required information to be constructed from only sensor and
actuator data. From the sensor data, a set of damage location vectors are determined. These
vectors allow oneto localize damage in one of two ways. The first analysis reapplies each set
of damage location vectors as applied forces to the structure and locates the lowest regions of
stress. The second approach, more applicable to real-time health monitoring, locates the low-
est values of the damage location vectors. Both techniques have the ability to locate progres-
sive damage. Simulations on a plate structure are performed for two sensor meshes (eight and
thirty-two sensor locations). The results demonstrate excellent damage localization, and some
indication of damage severity. Finally, an experimental demonstration of the method utilizing
eight sensors surface mounted to an aluminum plate is presented for four applied damage

cases.
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Chapter 1

| ntroduction

The ability to detect damage in a structure while the structure isin service isimportant
to many disciplines. When performed throughout itslifetime, thisfield istypically called
structural health monitoring (SHM). SHM has applicationsin the civil, mechanical, and
aerospace engineering fields amongst others. As structures become more complicated and the
use of composite materials are more prevaent, the ability to detect and identify damage has
also become increasingly more difficult. Many methods exist to replace visual inspection of
the structure [1]. Visual inspections are a non-destructive approach to detect damage rather
than a monitoring technique which implies some sort of automation. In order to increase the
safety and decrease maintenance costs integrated sensors systems are being developed for the
purpose of detecting damage before small controllable failures become catastrophic ones.

The current thesis presents a method that can localize damage in a structure using
integrated displacement sensors. The method is a comparison method between undamaged
and damaged states and is based on the flexibility response of both. The primary advantage of
the method isthat all required information is obtained from sensor and actuator data only. The
sensors measure local displacements which are applied directly to the algorithm to locate the
damage. Thereis no intermediate step that involves modelling. Thisisimportant because
there is no error added from the intermediate step therefore the only error comes from the
sensor and actuator data.

The thesisfirst gives a background describing damage identification techniques, the
current work and fiber optic sensors. Next, several simulations are presented. In this section
one plate with two different sensor meshes, eight and thirty-two displacement sensor
configurations, are used to locate damage. Two separate approaches are used to explain the
method. Afterwards, the experimental research is presented. The experiments were performed

on an aluminum plate surface mounted with eight fiber optic displacement sensors for which



damage was induced by reducing the area in a section of the plate. Finally, conclusions from

the results are presented.



Chapter 2

Background

Background information covering several topicsis presented in this chapter. Explained
first are types of damages that occur in composites. Second, scales of detecting damagein a
structure are outlined. Next, three different methods of identifying damage from the current
literature are presented. Afterwards, work done by Bernal on a comparison based localization
method is summarized. The work done by Bernal isthe basis of the work presented in this
thesis and subsequently the following section covers the governing equations of this research.
Then, using these concepts, a five bar truss structure is used to show the usefulness of the
current method. Finally, areview of fiber optic waveguides and fiber optic sensors are

presented.

2.1 Damage identification

Structural health monitoring is an important concept because it has the potential to
increase the safety of many structures. If engineers are able detect damage before it becomes
catastrophic, SHM can assist with maintaining a healthy structure. Damage can occur on
many levels and is dependent on what type of materia is used. With the increased use of
composites, damage assessment has become much more difficult because they have several
modes of damage, including delamination, buckling, fiber cracking, matrix debonding and
fiber pull-out [2]. Most of these types of damage are internal to the structure which makes
them difficult to detected by visual inspection. In contrast, in structures of homogenous
materials, damage is often easily visible on the surface of the structure and therefore can be
found by visual inspection. Introducing an integrated sensor system into any structure can

therefore assist with the monitoring for failure.



There are many ways to sense and assess damage in a structure but they can generally
be placed into three categories of SHM: detection, localization and identification. Detection
consists of knowing when the structure has been damaged. Thisis lowest level of monitoring
because the system informs the user that damage has occurred. The next level islocalization.
Localization assists users by indicating where the damage has occurred which can decrease
inspection times. Localization has many applications in the aerospace industry due to the
intensive inspections currently being performed visually [1]. Finaly, thereisthefinal level of
identification, which indicates to the user what specific type of damage has occurred. For
example, in acomposite this level would be able to differentiate between the above five
damages. The work presented in thisthesisis at the localization level. The approach will
allow an user to minimize the areain a structure for inspection by indicating in what section

damage has occurred.

2.2 Current damage detection methods

Thefield of SHM is not relatively new. Many research efforts have been focused on
determining ways to detect, locate and identify damage in a structure. A driving force behind
these efforts is to decrease maintenance costs [1]. In the following sections a few of the
methods currently being researched are presented. Each method has specific applicationsin
SHM and offersan insight into the different approachesto SHM. In addition, they will be used
as comparisons for the method presented in thisthesis. The following review is an overview

of afew methods and is not a complete survey.

2.2.1 Frequency response methods

A widely applied method for detecting damage in structuresis based on the
comparison of the frequency response of sections of a structure before and after damage. Lee
and Shin applied such a method to determine a frequency response function based damage
identification method for beam structures [3]. This identification method considers the

dynamic characteristics of the structure such as vibration responses, natural frequencies, mode



shapes, and modal dampings. Damages may induce coupling between vibration modes and it
is these coupling effects that are used to locate damage. Lee and Shin present a method to

reduce the equations of motion and therefore locate damage in a more efficient manner. The
laboratory results of Lee and Shin are promising, however its application to real structuresis

uncertain because specific frequencies are needed in order to generate accurate information.

2.2.2 Mode comparison methods

Another common method for detecting damage is through the comparison of a
measured structural response with a pre-existing structural model (e.g. afinite element
model). Seydel and Chang use this method to locate impact damage on stiffened panels by
measuring strains determined by piezo ceramic sensors[4]. A problem seen in thiswork and
many other model based techniquesis the difficulty of sufficiently matching the model with
the actual structure. Seydel and Chang showed that by using different boundary conditionsin
the structural model, better results could be produced [4][5]. For their example the actua plate
was clamped at one end and simply supported at the other end. They applied two boundary
conditions to the model, one with simply supported ends and the second with the boundary
conditions found on the experimental plate. Their results showed that the simply supported
ends located damage better then the actual boundary conditions of the plate [5]. Another
problem that arises with this approach is the extensive computer resources required due to the
complexity of the models. Therefore it is difficult to use such an approach for areal-time
damage detection system.

2.2.3 Neural Networks

Several examples of intelligent data fusion have also been shown to have applications
to damage detection. The most common approach is through the use of aneura network
which works on the idea of training a computer network with known inputs and outputs until
the network converges. Neural networks can be used for real-time applications because they
are shown to be fast and very robust to error. Todorki and Tanka applied a neural network to

identify delamination in acomposite plate [6]. They measured the electrical resistance of the



plate in order to obtain delamination location and size. They used anumber specimensto train
aneural network in order to locate damage on a specimen that was not trained. The use of
neura networks improved their results. A similar approach was applied by Studer and
Peterg[7]. They detected the size, location and angle of acrack in a plate using strain and
strain gradients for a specific sensor mesh. The neural network was first trained with known
inputs of the strain and strain gradients values correlated to test crack parameters. The neura
network was shown to improve the identification of the crack properties significantly as
compared to amore classical approach. Unfortunately to achieve these advantages large

training sets are typically developed through a structural model.

2.3 Flexibility approach to damage localization

Figure 2.1: Schematic illustration of damaged and undamaged domains [8].

The flexibility approach to damage localization, first presented by Bernal [8], is
presented in the following section. This method will be used as the starting point for the
research presented in this thesis. The flexibility method treats sensor data without the need to
use an independent structural model. This means that the approach does not introduce
modelling error. The method is also able to locate single or multiple damages occurring

simultaneously.



When applying the flexibility method, the system must be treated as linear in the pre -
and post- damage states. This assumption will restrict the types of damage that can be located
with this technique, however it is still applicable for most foreseen damage occurrences. Next,
assume there are a set of load vectors defined in sensor coordinates, which produce identical
deformations at the sensors in the undamaged and damaged states [8]. These |oad vectors are
referred to as damage location vectors (DLV's). Bernal derived the following equation for
damage localization [8],

AF[L =0 2.1

AF = Fp—F,

where, F, isthe flexibility matrix of the damaged structure, and F; isthe flexibility matrix

of the undamaged structure. There are two possible solutions to Equation 2.1. Thefirst is that

AF isequal to zero which means F; and F; are equal which implies no damage has

occurred. The second isthat L isthe basis of null space of AF . Once L has been calculated
from Equation 2.1, each of the base vectors are applied to the structure leading to zero stress
in the damaged elements. Therefore the intersection of the zero stress regions corresponding
to the stress distributions defined by each of the basis vectors of null space of AF can then be
used to localize damage.

Bernal demonstrated his approach on a forty-four bar truss structure with ten sensors
mounted to locate damage. He derived the flexibility matrices for damage localization by
exciting the structure using white noise and measuring displacementsin the vertical direction.
Damage was introduced into the model by reducing the Young's modulus of abar. The
technique was able to locate single and multiple damages each time. In afollowing article,
Berna considered damage localization of a plate [9]. Again damage was simulated by
reducing the Young's modulus for aregion in the plate. Since the plate model was not
composed of discrete elements, the damage appeared as low stress regions due to the applied
DLVs, rather than zero stress regions. These results indicate that the flexibility approach

shows promising detection capabilities.



2.4 Application of displacement sensorsto the flexibility
approach

The goal of thiswork isto apply the principals of the flexibility approach, however
replacing the vibration measurements with more reliabl e displacement measurements. It can
be seen in both of Bernal’sworks [8] [9], that specific frequencies are needed to generate data
to locate damage. The ability to apply local forces has only recently been possible for areal
structure due to the maturity of actuators such as SMAs and piezo ceramics. With the use of

applied forces one is able to generate data that does not need specific inputsto produce good
results. For N sensors located on a structure, we can define flexibility matrix [F] , where [a ]
isthe applied force matrix and [&] isthe displacement matrix.

[F] Qo] =[] 2.2
All matrices are defined in sensor coordinates. The flexibility matrix has dimensions N x N
where N is the number of degrees of freedom. Solving Equation 2.2, oneis able to find
displacements in a structure for known applied loads or in the inverse case using the stiffness
equation,

[K] 6] = [a] 2.3
where [K] isthe structure stiffness matrix. Applying an appropriate set of displacements
allows the flexibility matrix to be calculated directly by,

[F] = [8] O] ™ 24
However, with certain boundary conditions of a structure, it isnot aways possible to
experimentally generate an independent set of vectorsto form [9] , i.e. to derive amatrix []

that can beinverted. Instead, calculating the system stiffness, [K] , by applying an appropriate

applied force matrix [a] and solving,
[K] = [a] (8] 25

is often more feasible. Then the flexibility matrix is calculated via,



[Fl =K~ 26

The stiffness matrix may be singular, however, due to the presence of rigid body motionsin
the system and therefore cannot be inverted to calculate [F] . To eliminate this problem we

define the free-free flexibility matrix,
[F] = [PI(K] +[RI[RI) " 27

which eliminates the effects of therigid body motion [10]. In Equation 2.7, [R] is the matrix

constructed from the orthonormalized rigid body motions and [P] is the projector matrix

associated with the rigid body motions and defined by,
[Pl = [I1-[RIR’ 238

where [I] istheidentity matrix. The free-free flexibility matrix holds the same properties as
the normal flexibility matrix, i.e. it is symmetric and orthogonal to all rigid body motions. The

free-free flexibility matrix will be used in the following example.

2.5 Truss example

This section shows how DLV's are used to |ocate damage in a truss structure applying
the technique described is the previous section. The truss structure used is a smple five bar,
statically indeterminate truss, as seen in Figure 2.2. Sensors are placed at each node of the
truss structure in each of the local coordinate directions. The numbering of the sensorsis

presented in Figure 2.3. All odd numbered sensors measure displacement in the x-direction



and all even numbered sensors measure displacement in y-direction. The truss has properties
shown in Table 2.1.

Table 2.1: Trussproperties

L 1m
E 210 GPa
A 1m?
a, Sensors Sensors
3&4 i ] 5&6
| q,

Bar Number
Node Number
9, Local Coordinates
X Global Coordinates

g

q
|—7 Sensors Sensors

1&2 Y788

Figure 2.2: Geometry and symbolsof thefive ~ Figure 2.3: Displacement sensor location of
bar truss structure. the five-bar truss.

For this truss structure the force matrix was singular, therefore applying Equation 2.4
directly is not possible. Therefore, Equation 2.5 was used to calculate the stiffness matrix. The
procedure used was to load the truss structure with eight independent loads and measure the
subsequent displacements. For this truss structure, forces of 1 Newton (N) were applied at
nodes 2 and 3 in each direction, giving atotal of four loading conditions. Then the boundary
conditions on nodes 1 and 4 were moved to nodes 2 and 3. Afterwards, forces on nodes 1 and
4 were applied in both directions yielding four more loading conditions. Since the trussisan
eight degree of freedom system, atotal of eight loading conditions are needed. Once all the
datawas gathered the stiffness (K) was calculated in the undamaged state.

As stated before thisis asituation where the stiffness is not invertible due to the fact
that the nodes were located at the boundary, therefore, they were restrained from displacing

for some loading conditions. Therefore, the free-free flexibility equation was used (Equation

2.7 and Equation 2.8) where [R] s,

10



J2 0 -1
0 /21
J2 001
_1]0 .21

[R] B 5o 2.9
0 /241
J2 0 -1
L0 /2

Each of the columns of Equation 2.9 is associated with a specific rigid body motion. Column
one represents transl ation in the x-direction, column two represents translation in y-direction
and column three represents rotation about the center of the structure.

The next step isto apply damage to one of the bars to test the ability of the method to
locate the damage. Two cases were considered. In the first case, the Young's modulus of bar
three was reduced by 25% and in the second simulation the Young's modulus of bars two and
five was reduced by 1% and 50% respectively. Once the damage has been simulated the next
step isto calculate the damaged flexibility matrices which was done using the same procedure
described above.

The next step isto find the null space of F; —F; for the solution of the DLVs. For the

simulation of damage in bar three the following DLV s were obtained,

|
=

O O OO or oo
O O OO OO rFr

2.10

P O O OOOOoOOo

OFrPr OO OO O K
OO PFrPr OO O OoOOo
O O OoOFr OO0 oo

O O O opr OO

Once the DLV s are determined, they are reapplied to the undamaged flexibility matrix as
loads to the structure. From this, the displacements at each node were determined and the

axial stressin each bar found through,

o= EDATL 211
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The application of the DLVs generatesan i x j matrix wherei is the row number associated

with each bar and j isthe DLV number. The final results for this simulation are,

4 01 1 1 1 1 1
a2 2.2 42 422 4z 22
4 12 1 1 1 1 3
42 2.2 43 4P 2 42 2.3 512
Oaxial =| 00 0 O O O O O :
1 1 1 1
0 0 0 2 2 2 2
1 1 1 1
| 2 ° 3 0 50 2 |

It can be seen that row three isthe only row with all zero stresses. Therefore, taking the

intersection of zero stress componentsin all the columns yields only the location of bar three.
Thisidentifies locations that are low stress regions with respect to ANY applied vector in the
null space of AF . Now we repesat the calculations for the case of damage in bars two and five.

The same procedure was performed for this smulation producing afinal result of,

J20/2000
000 00O
5 7 1, 1
Opial = |2 122173 213
1 11, 1
205303
000 00 0]

Again rowstwo and five are the only rows with all zero stress componentsin all
columns. It can be seen that in both cases the damage was well located by this approach. In
addition, the technique located multiple damages. As seen by the second example, it was able
locate very small and large damages however was not able to distinguish between them. This
confirms that the technique is alocalization method. Once the damage has been located, it can
be assessed by some other means depending on the particular application.
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2.6 Fiber optic waveguides

Fiber optic waveguides were initially developed for telecommunications, but first
appeared as a structural sensor by Butters and Hocker in 1978 [12]. Since then they have
evolved into useful sensors. There are many ways to use afiber optic waveguide as a sensor
through taking advantage of its properties. In this section, the propagation of light through the
fiber optic waveguide is discussed in order to show how it can be modified to measure strain.
In addition, the theory of the fiber Bragg grating (FBG) sensor for the measurement of strain
is discussed.

2.6.1 Introduction to fiber optic waveguides

Index of
Coating Refraction
\ Cladding
—————————— \ Core m,
IR ZZZZZZZZZi( 0|—En1
__________ 7 ) n

Figure 2.4: Fiber optic waveguide [13].

Most optical fibers are made from silica. The fiber can be divided into three parts. The
first part isthe core. The core has a diameter of 9 um. Surrounding the core, is the cladding
which has adiameter of 125 um. Both of these two parts are made of the same original silica.
A fiber optic waveguide propagates light according to Snells Law of Refraction [13]. Ina
fiber optic waveguide the light is contained in the core by reflecting off the intersection of the
core and cladding. In order to have complete internal reflection at the intersection of the core
and the cladding, the index of refraction (n) of the core must be greater than that of the
cladding. A typical optical fiber core has an index of refraction of around 1.46 while the
cladding’sindex of refraction is roughly 0.1% lower than the core’s index of refraction
(Figure 2.5).
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Input Output

I/ Light Cladding I/ Light
n=1.44

Figure 2.5: Shell’s law applied to a fiber optic waveguide.

Although the core is originally the same material as the cladding, itsindex of
refraction isincreased by doping with Germanium [13]. The process does not change the
mechanical properties of the glass therefore for strain measurements, the core and cladding
are considered the same material.

The final part of the optical fiber isthe coating. Thisis strictly a protective part of the
fiber. It isused to strengthen the fiber and protect it from moisture. The glassfiber isstrong in
tension but does not fair as well in bending. With the addition of the coating, the ability of the
fiber to withstand bending increases. There are two types of coating common to optical fibers.
They are polyimide and acrylate. Acrylateis generally used for telecommunications purposes
while polyimideis primarily used in sensing applications. The properties of each can be seen
in Table 2.2.

Table 2.2: Fiber optic coating properties[13]

Outer Elastic Tensile Satic Minimum M aximum
Coating Diameter Modulus Srength Fatigue Temp. (C) Temp. (C)
(um) (MPa) (MPa) Resistance P- P-
Acrylate 250 700 26 no 100 -40
Polyimide 150 2400 130 yes 300 -190

2.6.2 Advantages of fiber optic sensors

There are many different methods to use optical fibers as sensors and many different
measurands that can be monitored by these. Strain, pressure, acceleration, rotation, and

humidity are common examples. The reason why they have excelled in sensing is they have
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very good properties for that application. The first reason afiber optic isagood sensor, isthat
it does not require alot of wires. Unlike conventional electrical strain gages, afiber optic
waveguide has only one “wire” that both transmits information from the sensor and supplies
the power. This can be seen in Figure 2.6. The information and power for three fiber optic
sensors is transmitted through one fiber but nine wires are required for three electrical strain
gages. Another advantage of fiber optic sensors are the ability to multiplex sensors. This
means one optical fiber is able to contain numerous sensors without separate interrogation
systems for each one. As seen in Figure 2.6, this fiber contains three sensors. Another
advantage of afiber optic waveguide isits ability to measure multiple measurands within a
single fiber [14]. For example, afiber optic sensor can measure strain, strain gradient,
integrated strain, and displacements. The ability to have different types of measures allowsthe
user to learn more about the structure. The particular fiber optic sensor used in thiswork is
based on a displacement sensor.

Fiber optic sensors can be used in many environments and locations which gives them
asignificant advantage over more conventional sensors. Since most fiber optic sensors are
relatively small they can be embedded into composite materials [13]. The fiber form is very
unobtrusive (Table 2.2) when it comes to embedding in fiber-reinforced composites, therefore
they do not degrade the overall strength of the composite [15]. An optical fiber can withstand
very high and low levels of heat depending on the coating. In addition to harsh temperatures,
fiber optic sensors can be used in other hostile environments. Since no electrical current
passes through the fiber they can also be used for two applications. Thefirst is near highly
sensitive equipment to electrical noise because afiber optic sensors uses only light for
information and power. The second is near extremely flammable substances which isfar from

the case with electrical strain gages.
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Figure 2.6: Three electrical strain gages vs. three fiber optic strain gages.

2.6.3 Fiber Bragg grating strain sensor

There are many types of sensors based on optical fibers. They can be madeinto several
types of interferometers, for example, but the particular sensor used in thiswork iscalled a
fiber Bragg grating (FBG). A FBG is a periodic modulation in the index of refraction along
the axis of the core of the fiber [13]. There are several ways to induce this change in index of
refraction of the core but the most common is by focusing an excimer laser through a phase
mask onto the core of the fiber. This changes the index of refraction at the core but not the
other properties of the optical fiber. The diffraction pattern caused by the phase mask writes a
filter in thefiber. A schematic of a FBG can be seen in Figure 2.7. In addition, a phase mask

setup can be seen in Figure 2.8.
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Figure 2.7: Fiber Bragg grating showing schematically the periodic change in the index of
refraction.
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Figure 2.8: Phase mask setup for the fabrication of a fiber Bragg grating [16].

As stated previoudy, a FBG acts as afilter for light. Aslight propagates through the
fiber certain wavelengths are reflected while others are transmitted. As shown in Figure 2.9, if

abroad spectrum of light is sent into the fiber, the result is two spectra. The transmitted
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spectrum is the same spectrum of the light entering the fiber but with some wavelengths of the

grating filtered out. The reflected spectrum contains these filtered wavelengths.
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Figure 2.9: Propagation of light waves through an optical fiber with a FBG

Before aload is applied to the FBG, we have the original spectrum shown Figure 2.10.
The wavelength at which the maximum amount of light is reflected is called the Bragg
wavelength, Ay and can be seen in Figure 2.10. After an axial load is applied the spectrum
shifts either to theright or left. Figures 2.11 and 2.12 show the pesk shiftsfor axial loading in

compression and tension. After this happens, a new maximum wavelength occurs, As.

Reflectivity (%)

\

A,
Wavelength (nm)

Figure 2.10: Original reflected spectrum from a FBG
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Figure 2.11: FBG spectrum after
compressive load has been applied.

Figure 2.12: FBG spectrum after tensileload
has been applied.

After measuring the spectrafor a FBG before and after loading has been applied, the
applied axial strain value can be found using the following equation,

A=A
€= (1—1PE)( f)xb J

Equation 2.14 shows the linear relationship between applied strain and the shift in Bragg

214

wavelength. The P¢ term isamateria property of glass and is found experimentally. For the

FBGsusedinthisthesis 1-Pg = 0.74. In general the Bragg wavelengths used in the

experimental work for thisthesis have a A, of approximately 1550 nm. In thiswork the FBGs

are used as displacement sensors aswill be explained morein Chapter 4.
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Chapter 3

Simulations

Whereas the truss was a simple tool for explaining the ability of the method to locate
damage, an application that presents more interesting behaviorsis a plate. For this chapter, a
plate was modeled using ANSY Sin order to demonstrate the ability of the method to locate
damage. ANSY Sis used to smulate sensor data that would normally be found
experimentally. It is not to be confused with using a structural model. The first case
considered is aplate that contains eight displacement sensors. Afterwards, a plate with thirty-
two sensorsis presented. As compared to the eight sensor plate, the thirty-two sensor plate has
nine potential damage |ocations located internal to eight sensors. A new method is aso
developed where only the DLV s are used to locate damage to reduce the computation time
required making the technique more suitable for real-time SHM systems. Through these

simulations the flexibility method shows good potential for damage localization.

3.1 Eight sensor plate model

3.1.1 Modd explanation

The plate modeled seen (Figure 3.1) has dimensions of 180 mm x 180 mm and a
thickness of 1 mm. The plate was modelled using a plane stress assumption in the finite
element analysis [11] performed using ANSY S. The plate material is linear elastic and
isotropic. Although arbitrary for demonstration of damage localization the Young’'s modulus
was selected to be 0.3 GPa and the Poissions ratio to be 0.3. The plate was meshed with a
sguare mesh such that nodes are located at every 3 mm creating 60 x 60 elements. The plate
has boundary conditions on the bottom edge (x = 0 mm) of zero displacement in the x-

direction and y-direction generating a cantilevered end.
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Figure 3.1: Dimensions and boundary conditions for the eight sensor plate model.

For this plate model, the eight sensors are placed in pairs. The sensor locations can be
seen in Figure 3.2. The sensors are placed in the x-direction (odd numbers) and y-direction
(even numbers). The sensors are assumed to measure displacements at a point at their location
on the plate. The sensors were mounted in the center region of the plate to avoid edge effects

and maximize senditivity to damage.
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Figure 3.2: Sensor locations for the eight sensor plate model.
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3.1.2 Calculation of a flexibility matrix

To meet the goal of developing the plate’s flexibility matrix without structural
modeling, a procedure was devel oped to obtain the flexibility from only sensor and actuator
data. The procedure consists of applying apoint force at each sensor location in the direction
of the sensors. A unit force (1 N) was applied one at atime at each sensor location and the

displacements at each location were recorded. From these displacements the undamaged

flexibility matrix for the plate was built, F,. Since unit loads were applied the flexibility

matrix could be constructed directly from the data as follows,

[Fyl = [8] Qa]™ 31
[a] = [1]gxg = [0 3.2
O[F,]= [3] 33

Toillustrate how the procedure operates, Figures 3.3 and 3.4 display each step in the creation
of the flexibility matrix. The (i, j) component of the flexibility matrix corresponds to the
displacement of the it sensor due to the unit load applied at thejth sensor. In addition it can be
seen in the figures that the flexibility matrix is also symmetric as mentioned in the

background.

3.1.3 Damage localization

For the purpose of inducing damage, the plate was divided into the nine regions shown
in Figure 3.5. In order to simulate damage of a particular section of the plate its Young's
modulus was reduced to 0.15 GPa. No other properties were changed. Once damage had been
induced, the same procedure for obtaining the flexibility matrix, F, was performed. For the
eight sensor plate model, five areas of damage were ssimulated. These damages occurred in
sections 1, 3, 5and 7. A final damage was simulated, located partially in sections 1 and 2 with

dimensions of 60 mm by 60 mm.
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Figure 3.3: Creation of the undamaged flexibility matrix from displacements at sensors 1 & 2.




F=1N
+ +—
+ +
Y
X
0.0007594386780  0.000027844824  0.000443451680  0.000051133295  0.0004308211840 0 0 O
0.000027844824  0.000550563432  0.000076738476  0.000161068093  0.0000873097170 0 0 O
0.000443451680  0.000076738476  0.0014400122680  0.0001369552460 0.0009628782510 0 0 0 mm
0.000051133295  0.000161068093 ~ 0.0001369552460  0.000718629326 ~ 0.0001146820820 0 0 0| [—
0.0004308211840 0.0000873097170  0.0009628782510  0.0001146820820 0.0014400122680 0 0 0 N
- 4763603E-6  0.0000702675890 - 0.0001146820820  0.000125376006 - 0.0001369552460 0 0 0
0.0002909210360  0.000012709193  0.0004308211840 4.763603 E-6 0.000443451680 0 0 0
- 0.000012709193  0.000044199970 - 0.0000873097170  0.0000702675890 - 0.000076738476 0 0O O
F=1N
Lo
+ +
Y
X
0.0007594386780  0.000027844824  0.000443451680  0.000051133295  0.0004308211840 - 4.763603 E-6 00
0.000027844824  0.000550563432  0.000076738476 ~ 0.000161068093 ~ 0.0000873097170  0.0000702675890 0 0O
0.000443451680  0.000076738476  0.0014400122680  0.0001369552460 0.0009628782510 - 0.0001146820820 0 0
0.000051133295  0.000161068093  0.0001369552460  0.000718629326  0.0001146820820  0.000125376006 0 o0 | (MM
0.0004308211840 0.0000873097170  0.0009628782510  0.0001146820820  0.0014400122680 - 0.0001369552460 0 0 N
- 4763603E-6  0.0000702675890 - 0.0001146820820 0.000125376006 - 0.0001369552460 0.000718629326 0 O
0.0002909210360  0.000012709193  0.0004308211840 4.763603 E-6 0.000443451680 - 0.000051133295 0 0
-0.000012709193  0.000044199970 - 0.0000873097170 0.0000702675890 - 0.000076738476 ~ 0.000161068093 0 0
+ +
F=1N
+ >
Y
X
0.0007594386780  0.000027844824  0.000443451680  0.000051133295  0.0004308211840 - 4.763603 E-6 0.0002909210360 0
0.000027844824  0.000550563432  0.000076738476 ~ 0.000161068093  0.0000873097170  0.0000702675890  0.000012709193 0O
0.000443451680  0.000076738476  0.0014400122680  0.0001369552460 0.0009628782510 - 0.0001146820820  0.0004308211840 0
0.000051133295  0.000161068093  0.0001369552460  0.000718629326  0.0001146820820  0.000125376006 4763603E-6 0
0.0004308211840 0.0000873097170  0.0009628782510  0.0001146820820 0.0014400122680 - 0.0001369552460  0.000443451680 0
- 4763603E-6  0.0000702675890 - 0.0001146820820  0.000125376006 - 0.0001369552460  0.000718629326 0:000051133295 0
0.0002909210360  0.000012709193  0.0004308211840 4763603E-6  0.000443451680 - 0.000051133295  0.0007594386780 0O
- 0.000012709193  0.000044199970 - 0.0000873097170 0.0000702675890 - 0.000076738476 ~ 0.000161068093 0.000027844824 0
+ +
* F—I1N
v =
X
0.0007594386780  0.000027844824  0.000443451680  0.000051133295  0.0004308211840 - 4.763603E-6  0.0002909210360 - 0.000012709193
0.000027844824  0.000550563432  0.000076738476  0.000161068093  0.0000873097170  0.0000702675890  0.000012709193  0.000044199970
0.000443451680  0.000076738476 ~ 0.0014400122680  0.0001369552460 0.0009628782510 - 0.0001146820820 ~ 0.0004308211840 - 0.0000873097170
0.000051133295  0.000161068093  0.0001369552460  0.000718629326 ~ 0.0001146820820  0.000125376006 476360366 0,0000702675890 |[TIMY
0.0004308211840 0.0000873097170 0.0009628782510  0.0001146820820 0.0014400122680 - 0.0001369552460  0.000443451680 - 0.000076738476 |\ N
- 4763603E-6  0.0000702675890 - 0.0001146820820  0.000125376006 - 0.0001369552460  0.000718629326 0:000051133295  0.000161068093
0.0002909210360  0.000012709193  0.0004308211840 4763603E-6  0.000443451680 - 0.000051133295  0.0007594386780 - 0.000027844824
- 0.000012709193  0.000044199970 - 0.0000873097170  0.0000702675890 - 0.000076738476 ~ 0.000161068093 0.000027844824  0.000550563432
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Figure 3.4: Creation of the undamaged flexibility matrix from displacements at sensors 3 & 4.



For each damage that was simulated, anew matrix F was created. Once the damage

matrices had been found for each damage, the next step was to determine AF through

Equation 2.1. The next step was to find the null space of AF in order to obtain the DLVs.
Once the DLVs were calculated, they were reapplied to the structure in order to determine the
zero stress areas. This procedure is the same as for the truss, as described in Chapter 2. Since
the plate has several differences as compared to the truss and there are many stepsinvolvedin
locating damage, the process will be explained for damage in section 1 only. The reason the

plateis different is becauseit is not an exact solution due to the FE approximation.
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Figure 3.5: The nine damage sections of the eight sensor plate model.

The calculation of the null space L for Equation 2.1 were performed in Mathematica

using the command line found in Equation 3.4.

DLV = NullSpace[AF,Precision] 34

In order to determine the null space of AF using this or any other solver, the precision of the

components of AF must be specified. Precision in Mathematicais defined by the number of
significant digits in a value. Since the results of damage localization depend on the precision
used (i.e. the size of the null space changes), a procedure was developed to find the range of
precisions for which the Mathematica solver generated a null space for each simulated
damage. For section 1 the highest precision obtained was seven and the lowest was one. Once

the allowable precisions were determined, the null space was calculated to obtain the DLVs.
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The number of DLV s obtained from each precision value are listed in Table 3.1 and their

values are given in Figure 3.6 for damage in section 1.

Table 3.1: Number of DLVsfor each precision for damage in section 1

Precision Number of DLVs

Z

RN W| s~ OO
0| N OB W NP

It can be seen that as the precision is increased, the number of DLV's decreases for a
given damage. Thisis to be expected since the null space of a matrix increases as the number
significant digits in the terms decrease. Here one also notes that in most sets of DLV, the
lowest values in magnitude are typically located at the sensors closest to the damage. For the
example of damage in section 1, the sensors that are closest to the imposed damage are
sensors three and four. Looking at rows three and four in Figure 3.6, for all precision values, it
is evident that these are consistently the lowest values. This feature will be exploited later.

The next step in the damage localization procedure is to reapply each DLV to the
undamaged plate model in ANSY S separately to calculate the in-plane stresses at each node,

Oy, Oy and Oyy. Thisis shown schematically in Figure 3.7 for one of the DLV sets.
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Precision Damage Location Vectors (DLVs)
- 0.164217
0.0982962
- 0.000717871
- 0.000412982
7 - 0.0966099 (N)
-0.173188
0.476754
0.834714
0.506985 - 0.164217
0.444202 0.0982962
- 0.00517024 - 0.000717871
6 - 0.00273982 - 0.000412982 (N)
- 0.081733 - 0.0966099
0.0873973 - 0.173188
0.655683 0.476754
- 0.318399 0.834714
- 0.629707 0.506985 - 0.164217
0.386471 0.444202 0.0982962
- 0.0099554 - 0.00517024 - 0.000717871
5 0.0142356 - 0.00273982 - 0.000412982 (N)
- 0.198049 - 0.081733 - 0.0966099
0.632507 0.0873973 - 0.173188
0.0676413 0.655683 0.476754
- 0.0997195 - 0.318399 0.834714
0.503741 - 0.629707 0.506985 - 0.164217
0.381851 0.386471 0.444202 0.0982962

0.0207667 - 0.0099554

- 0.00517024 - 0.000717871

4 - 0.00650667 0.0142356 - 0.00273982 - 0.000412982 (N)
-0.269288 -0.198049 - 0.081733 - 0.0966099
0.302793  0.632507 0.0873973 -0.173188
- 0.532596 0.0676413 0.655683 0.476754
0.390004 - 0.0997195 - 0.318399 0.834714
0.0280107 - 0.253859 0.503741 - 0.629707  0.506985 - 0.164217
-0.394485 0.576078  0.381851 0.386471 0.444202 0.0982962
0.0920187 - 0.0194472 0.0207667 - 0.0099554 - 0.00517024 - 0.000717871
3 0.199485 - 0.0194123- 0.00650667 0.0142356 - 0.00273982 - 0.000412982 (N)
-0.879898 - 0.24589 - 0.269288 -0.198049 - 0.081733 - 0.0966099
-0.0363137 - 0.684856 0.302793 0.632507  0.0873973 -0.173188
0.0896517 - 0.214202 - 0.532596 0.0676413  0.655683 0.476754
-0.108436 - 0.166019 0.390004 - 0.0997195 - 0.318399 0.834714
- 0.0158678 0.0280107 - 0.253859 0.503741 - 0.629707  0.506985 - 0.164217
0.0912758 - 0.394485 0.576078 0.381851 0.386471 0.444202 0.0982962
0.796668  0.0920187 - 0.0194472 0.0207667 - 0.0099554 - 0.00517024 - 0.000717871
2 0.572211 0.199485 - 0.0194123 - 0.00650667 0.0142356 - 0.00273982 - 0.000412982 (N)
0.169687 - 0.879898 - 0.24589 - 0.269288 - 0.198049 - 0.081733 - 0.0966099
- 0.0157685 - 0.0363137 - 0.684856 0.302793 0.632507  0.0873973 -0.173188
- 0.0124922 0.0896517 - 0.214202 - 0.532596 0.0676413 0.655683 0.476754
0.0106008 - 0.108436 - 0.166019 0.390004 - 0.0997195 - 0.318399 0.834714
0.0152529 - 0.0158678 0.0280107 - 0.253859  0.503741 - 0.629707 0.506985 - 0.164217
0.0451378 0.0912758 - 0.394485 0.576078 0.381851 0.386471 0.444202 0.0982962
- 0596587 0.796668  0.0920187 - 0.0194472 0.0207667 - 0.0099554 - 0.00517024 - 0.000717871
1 0.795079  0.572211 0.199485 - 0.0194123 - 0.00650667 0.0142356 - 0.00273982 - 0.000412982 (N)
0.0936501 0.169687 - 0.879898 - 0.24589 - 0.269288 - 0.198049 - 0.081733 - 0.0966099
- 0.00489726 - 0.0157685 - 0.0363137 - 0.684856  0.302793 0.632507 0.0873973 -0.173188
- 0.0217954 - 0.0124922 0.0896517 -0.214202 - 0.532596 0.0676413 0.655683 0.476754
0.0198372 0.0106008 - 0.108436 - 0.166019  0.390004 - 0.0997195 - 0.318399 0.834714

Figure 3.6: DLVsfor damage in section 1.
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Precision of 1
DLV# 1

[ 0.0152529 ]

0.0451378

- 0.596587

0.795079 (N)

0.0451378 0.0936501
0.0198372 - 0.00489726

0.0152529 - 0.0217954
+ 0037954 0.0198372

0.795079

-0.596587+——F —+——0.0936501
-0.00489726]

Figure 3.7: Application of damage location vector # 1 utilizing a precision of 1. All the forces
applied arein N.

Once the stress values are determined from the ANSY S model the two principal

stresses values were calculated using Equation 3.5 at each node in the model.

o,+0 0,— 02
Oy, = X2 yiJ( X2 y) + oy, 3.5

The principal stress with the highest absolute value was chosen for thisanalysis. Thisvalueis
referred to in the remaining parts of this thesis as the maximum principal stress (MPS). Plots
of the MPS values for an example set of DLV s are shown in Figure 3.8.

For the previous truss example, once the DLV s were re-applied to the undamaged
structure, damage was identified through the regions with zero stress. However, since the plate
model is not an exact solution, no regions with zero MPS values were found. Therefore, a
threshold was established such that any stress under 0.5% of the maximum MPS value in the
plate was considered aL OW STRESS AREA. Thisthreshold, although arbitrary, was
determined through trial and error. The same threshold value of 0.5%, was used for al other
simulations presented in this thesis.

All nodal locations for which the MPS is below the threshold value are stored for each
DLV. Plots were constructed highlighting the same nodal locations for each DLV. Plots for
each DLV at aprecision of one are shown in Figure 3.9. The graphs have axis that coincide

with the dimensions of the plate. Each point represents a nodal location in the low stress
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region. One notices that some of the plots over predict the damage regions while some under

predict the damage region.
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Finally, the intersection of all the plots for each precision was taken to locate the
damage. Thisidentifieslocationsthat are low stress regions with respect to any applied vector
in the null space of AF . The resulting damage located using this approach in section 1
utilizing a precision of one is shown in Figure 3.10. From Figure 3.10, one can see that the
damaged region was significantly under predicted. The results for other precision values will
be discussed in Section 3.1.6 after one additional interpretation step is described.
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Figure 3.10: Final damage located using MPSfor applied damage in section 1 utilizing a
precision of 1.

3.1.4 Filtering unidentified stressregions

Figure 3.10 reveals that the damage was significantly under predicted in this case. In
actuality the damage was not located at all. The pointsthat were identified in Figure 3.10 were
found to have low principal stress values regardless of the |oad vectors applied because they
arelocated so far from any load point. Since such locations could be expected for any damage
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localization problem, a method was devel oped to filter these points out of the damage

localization procedure. They were determined by applying two loading scenarios to the
undamaged plate. The first was to apply al N forcein the x-direction and a1 N forcein the y-

direction at each sensor location (at the same time) and record the nodal stresses. The second
wasto apply al N forcein the negative x-direction and a 1 N forcesin the positive y-direction

at each sensor location (at the same time) again recording the nodal stresses. From these
loading conditions the MPS (Equation 3.5) were determined for the plate. Then the low stress

regions were |located in the same manner as in the previous section. The two plots of Figure

3.11 show the low stress results for each loading scheme.
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Figure 3.11: Unidentified stress points for MPSfor loading schemes one and two.
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Figure 3.12: Unidentified stress region for the eight-sensor plate model.
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The intersection of the two graphsis shown in Figure 3.12. In total, thirty-two nodes
were located to be in the unidentified region for the eight-sensor plate. These points are
filtered out of the rest of the simulations. The loss of thisinformation is not serious because
they are at the edge of the plate so they are not likely to be in a high stressregion. It is
important to note that the above method has been developed as a mathematical technique to

identify these points without having to know anything about the structure itself.

3.1.5 Resultsfor damage applied in section 1

Figure 3.13 plots the sameresults of damage localization utilizing a precision of one as
Figure 3.10 with the unidentified regions also indicated. I nterpreting this graph shows that no
damage has been located. This does not occur for all precisions. Each precision yields
different results and there is potentially an amount of DLV s that works best. Located in
Figures 3.14 through 3.19 are the final plots for the location of damage for the six other

precision (two through seven) for the eight sensor plate with imposed damage in section 1.
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Figure 3.13: Location of damage for applied damage in section 1 utilizing a precision of 1
with unidentified areas.
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Figure 3.14: Location of damage for applied damage in section 1 utilizing a precision of 2

(producing 7 DLVs).
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Figure 3.15: Location of damage for applied damage in section 1 utilizing a precision of 3
(producing 6 DLVS).
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Figure 3.17: Location of damage for applied damage in section 1 utilizing a precision of 5
(producing 3 DLVS).
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Figure 3.18: Location of damage for applied damage in section 1 utilizing a precision of 6

(producing 2 DLVs).
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Figure 3.19: Location of damage for applied damage in section 1 utilizing a precision of 7
(producing 1 DLVS).

37



Many observations can be made from Figures 3.14 through 3.19. Thefirst observation
isthat as the number of DLV s increases the damage area located is reduced. Secondly, the
unidentified areas appear in all cases. Finally, and most importantly, precision valuesresulting
inthree and four DLV slocated the area of damage the best. With anymore DLV s, the damage
was under predicted whilewith less DLV s it was over predicted.

While much information can be concluded visually from Figures 3.14 through 3.19,
statistical parameters were also calculated from these graphs. The calculated parameters are
the number of pointsthat are located for damage, and the percentage of points that are located

inside of the actual damage. Table 3.2 summarizes the statistics for each of the precision

values.
Table 3.2: Satistical data for applied damage in section 1
Precision Number of DLVs NumEELg:eZOimS Pleggg?édo{nr;%r:s Izgaigtoﬂtgzlg :)?
damaged area damaged area
1 8 38 3.6% 55.3%
2 7 110 20.2% 19.1%
3 6 158 30.4% 15.2%
4 4 279 50.1% 20.8%
5 3 512 95.5% 17.7%
6 2 1140 99.8% 61.6%
7 1 1503 100.0% 70.6%

The statistics found in Table 3.2 confirm the same observations made in the previous

paragraphs. The best results for the location of damage were obtained when there are three

DLVs. This case has the highest ratio of points inside the damage area (95.5%) to points
outside the damaged area (17.7%).

Several other applied damage cases were used to check the ability of the method to

locate damage and its limitations. For each of the following simulations only the final results

are plotted for the precision valuesthat resultsin three DLV s. All the remaining plots for each
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applied damage for each precision/DLV s can be found in Appendix A in Figures A.1 through
A.13.

3.1.6 Damage applied in section 3

The second case considered was damage applied in section 3. This case isimportant to
test the symmetry of the results as compared to those from damage applied in section 1. As
shown in Figure 3.5, section 3 isthe top right section of the plate. The same reduction in
modulus was applied in this case as for the previous one. For this ssmulation, similar to the
previous one, a precision of five produces three DLV's. Theresults of this ssimulation shown in
Figure 3.20, locate the damage with the same shape as that seen in Figure 3.17. All other
figures associated with the different precision values can be found in Appendix A in Figures
A.1through A.6. Furthermore, comparing the statistical datafor the case of damage applied in
section 3, given in Table 3.3, to that of Table 3.2 reveals that the damage localization is truly

symmetric for the two cases.
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Figure 3.20: Location of damage for applied damage in section 3 utilizing a precision of 5
(producing 3 DLVS).
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Table 3.3: Satistical data for applied damage in section 3

Number of Points

Percent of points

Percent of points

Precision Number of DLVs L ocated located inside located outside of
damaged area damaged area
1 8 38 3.9% 52.5%
2 7 89 20.2% 19.1%
3 6 114 25.9% 15.6%
4 4 421 95.5% 17.8%
5 3 221 50.1% 20.8%
6 2 1140 99.8% 61.4%
7 1 1503 100% 70.7%

3.1.7 Damage applied in section 7

The next case considered was for damage applied in section 7, the bottom left corner

of the plate. The significance of this case was to determine how the boundary conditions affect

damage localization. Again it isinstructiveto look at a precision of five which generates three

DLVs. Asshownin Figure 3.21, the damage localization approach preformswell for this case.

The statistical parameters for this case given in Table 3.4 are slightly different than for the

previous two cases. Thefirst difference isthat there are only has five sets of DLVs. For a

precision of one and seven no null space was generated. Secondly, when there are five and

seven DLV s no damage was | ocated (see Figures A.7 and A.8 in Appendix A). Finally, smilar

to the previous two examples, three DLV s produce the best results for damages localization.

All other plots for other precision values are found in Appendix A in Figures A.9 and A.10.
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Table 3.4: Satistical data for applied damage in section 7

Number of Points Percent of points | Percent of points
Precision Number of DLVs located inside located outside of
L ocated
damaged area damaged area
2 7 43 0% 100%
3 5 43 0% 100%
4 4 44 0.2% 97.7%
5 3 438 82.8% 16.7%
6 1 925 99.3% 52.6%
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Figure 3.21: Location of damage for applied damage in section 7 utilizing a precision of 5
(producing 3 DLVS).

The purpose of this simulation was to test whether the boundary conditions would

41

negatively affect the method's ability to locate damage. Although, a definite answer cannot be
made after only one test case, the final result shown in Figure 3.21 is excellent. On the other

hand, for the other precision values, amost no damage was obtained. This might be the effect




of the boundary conditions although more extensive testing would be required to draw a

definite conclusion.

3.1.8 Damage applied in section 5

The next case was for damage applied in section 5, the center section of the plate. This
simulation was only able to produce two sets of DLV s at precisions of two and three. A
precision of three generated only one DLV while a precision of two produced seven. It can be
clearly seen, in Figure 3.23, that the choice of one DLV located the damage fairly well while
seven DLV, seen in Figure 3.22, did not locate anything beyond the unidentified points. The
damage region located (Figure 3.23) is symmetric as expected. There was also an increased
number of points located near the unidentified stress points.

In order to compared this result to the previous ones, the statical data needs to be
examined. One notes the data presented in Table 3.5, that the results for this simulation are not
as promising as the previous simulations. However, the existence of damage and its general

location have been captured.

Table 3.5: Satistical data for applied damage in section 5

Number of Points Percent of points | Percent of points
Precision Number of DLVs located inside located outside of
L ocated
damaged area damaged area
2 7 54 0% 100%
3 1 218 23.6% 52.3%
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Figure 3.22: Location of damage for applied damage in section 5 utilizing a precision of 2
(producing 7 DLVs).
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Figure 3.23: Location of damage for applied damage in section 5 utilizing a precision of 3
(producing 1 DLV).
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3.1.9 Damage applied in sections 1 and 2

So far all the cases that have been examined included applied damage in aregion such
that sensors are located at the boundary of the region. It isimportant to also test the
performance of the method when damage occurs with sensors inside the damaged region. The
applied damaged region for this case has the same size as the previous damaged cases (60 mm
X 60 mm) but is half in section 1 and half in section 2 as seen in Figure 3.24.
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Dam%ge in
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1and 2
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7 8 | 9

=60 mm—>|4—6() Ty

Figure 3.24: Applied damage regions located between sections 1 and 2.
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Again, itis pertinent to look at a precision value that generates three DLVs but in this
case none was found. Considering the statistical data for this case, listed in Table 3.6, no
precision value clearly produced the best results. Figures 3.25 and 3.26 plot the resultsfor four
and five respectively in order to demonstrate what actually occursfor the two cases. From the
plots, for aprecision of four, the damage region is significantly under predicted while for a
precision of five the damageis significantly over predicted. The results for the remaining
precision values are found in Appendix A in Figures A.11 through A.13. Since the stepsin
precision are arbitrarily set by the solver, the optimum precision is a value between four and
fivefor thiscase.



Table 3.6: Statistical data for applied damage in section 1 and 2

Number of Points Percent of points | Percent of points
Precision Number of DLVs located inside located outside of
L ocated
damaged area damaged area
2 6 149 4.9% 87.9%
3 5 193 11.8% 73.9%
4 4 422 25.1% 73.7%
5 2 1246 99.8% 64.7%
6 1 1371 100% 67.8%
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Figure 3.25: Location of damage for damage applied in sections 1 and 2 utilizing a precision
of 4 (producing 5 DLVS).
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Figure 3.26: Location of damage for applied damage in sections 1 and 2 utilizing a precision
of 5 (producing 2 DLVS).

3.1.10 Severity of damage

Up to now the applied damage has always been the same size as the sensor grid. Itis
important to seeif the grid size limitsthe resolution of locaization. It isimportant to
determine the severity of damage that can be located and to seeiif it is possible to distinguish

between differing severities. In this smulation, the damaged areain section 1 is reduced by 9

mm? steps, still remaining centered inside the section until one element in the model was left.
Thisreduction in areawas chosen athe method to simulate the severity of the applied damage.
The smaller the damage the less severe the damage is. In total, eleven possible damage sizes
were applied. Since it was shown in the previous simulations that the use of three DLVs
produces the best results, this will be the only case discussed. For the remaining graphs refer
to Appendix A Figures A.14 through A.21.

Ideally a complete SHM method would not only be able to determine the location of

the damage but also identify parameters such asits size or severity. However, as shown in the
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following simulations, that is not the case for the current technique. Figure 3.17, plots the
resultsfor the largest damage applied in this section. It isonly necessary to compare two other
results, the one for the smallest possible damage, 3 mm x 3 mm and the one for middle sized
damage (30 mm x 30 mm). These are shown in Figures 3.27 and 3.28. Comparing Figures
3.17, 3.27 and 3.28, the damage located is almost exactly the same. Therefore, the size of
damage cannot be determined. Table 3.7 lists the number of pointsidentified for each damage
size. Asthe damage gets smaller, the number pointslocated increases until a damage size of
18 mm x 18 mm, then the number of points decreases. There is no strong correlation between
the size of damage located and applied damage severity, therefore, the method is unable to

distinguish between damage severities. The localization of damage is therefore on the order of

the sensor grid size. However note that for an applied damage of 9 mm?, the change detected
corresponds to atotal reduction of 1.0% in Young's modulus for that section of the plate.
Sincethereissuch asmall reduction in Young's modulus, the technique detects small amounts

of damage extremely well.
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Table 3.7: Number of pointslocated for severity of damagein section 1

dimiﬂgil(i)id(?namm ig:]m) Nirgslﬁedoggggéséin Number of points located

60 x 60 441 512
54 x 54 361 584
48 x 48 289 644
42 x 42 225 701
36 x 36 169 717
30x 30 121 710
24 x 24 81 715
18x 18 49 681
12x 12 25 670

6X6 9 591

3x3 4 328
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Figure 3.27: Location of damage for applied damage in section 1 of dimensions 30 mm x 30
mmutilizing 3 DLVs.
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Figure 3.28: Location of damage for applied damage in section 1 of dimensions 3 mmx 3 mm
utiliang 3 DLVs.
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3.1.11 Summary of resultsfrom the eight sensor model

From the simul ations discussed above, the following conclusions can be made about
the method. First, the damage is able to be located in a 2-D plate. The location isvery
susceptible to the change in the precision of the AF equation (Equation 3.4). The number of
DLV sthat produced the best results was generally three. In addition, there are areasin the

plate for which a conclusion cannot made because they have inherently low stress. Finally, the

method can localize a damage that is 9 mm? but cannot disti nguish between severities of

damage.

3.2 Thirty-two sensor plate model

The next set of simulations performed was to determine how the method performed in
aplate that has a greater sensor density therefore that the damaged region has more
opportunity to be surrounded by several sensors. This section uses the same plate seenin
Figure 3.1 but instead is instrumented with thirty-two sensors. Like the previous eight sensor
plate model, the thirty-two sensor plate model will have several damages applied and from the
calculated displacements damage is located using the method described above. A new
procedure will also be introduced which locates damage by using the DLV s only without

reapplying them to the original structure. As an additional case, progressive damageis also

simulated by replacing the undamaged flexibility matrix F, by adamaged one F and then

introducing an additional damage to generate anew F . Thegoal of thissimulation isto see

if the method only locates the second damage.
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3.2.1 Thirty-two sensor plate model properties
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Figure 3.29: Dimensions and sensor layout for the thirty-two sensor plate.

This plate model has the same dimensions and material properties (E = 0.3 GPa, v =
0.3, t =1 mm) as the eight sensor plate, however the sensor mesh is different. Figure 3.29
shows the sensor layout for thismodel. Again, all of the odd sensors measure displacementsin
the x-direction and all of the even sensors measure displacements in the y-direction. The
coordinate directions can also be seen in the Figure 3.29. Asfor the previous simulations,

damage will be induced by reducing the Young's Modulus of a section to 0.15 GPa. The
procedure to find the flexibility matrices, both in the undamaged (F ;) and damaged state

(Fp), isthe same outlined in Section 3.1.2 except for a couple of minor differences. The first

difference is the numbering scheme for the sensors. The numbers start at 1 in the bottom |eft
corner and in the same column end at 8. The sensor number at the bottom of the next column
is9. This notation was used for programing convenience. Another differenceis that the outer
row of sensors are only 36 mm away from the boundary of the plate. The plateis divided into
sixteen sections which can be seen in Figure 3.30. Each of these sections will be used to
determine how well the method locates applied damages.
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Figure 3.30: The sixteen damage sections of the thirty-two sensor plate model.

3.2.2 Damage location for thirty-two sensor plate model

The above procedure was followed to calculate the flexibility matricesin the
undamaged and damaged states, here of dimensions 32 x 32. The resulting DLV s were then
applied as forces to the original undamaged plate. Then low stress areas were located using
the same threshold as for the eight sensor plate model.

Naturally, precision used in calculating the DLV s presented the same issues as for the
previous plate model. For the following simulations, results for only one precision value will
be presented for each simulated damage case. Table 3.8 lists the optimal precision value for
each section that was damaged and the number of DLV's generated for that precision.

Since the eight sensor plate model demonstrated the symmetry of the damage
localization, damage was only induced on one-half of the plate for this model. Sections 1 and
5 have only two sensors that come in contact with the applied damage. Sections 2, 3, 4, 6 and
10 have fours sensors that come in contact with the applied damage. Finally, sections 7, 8, and
9 have eight sensors that come in contact with the applied damage. Since there are free edges
of the plate model, unidentified stress points were also found for this model using the same

procedure as before. The unidentified stress points determined are shown in Figure 3.31.
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Table 3.8: Number of DLVsfor each section in the thirty-two sensor plate model

Section Number Precision Number of DLVs
1 10 5
2 10 9
3 10 13
4 11 3
5 11 7
6 10 5
7 10 9
8 10 6
9 10 8
10 11 3

These regions are smaller than those for the eight sensor model since the outer row of sensors
is closer to the boundary. The total number of points located was 26.

Figures 3.32 through 3.41 show the damage location for each section to which damage
was applied. It can be seen that in each case, the method over predicts the damaged area. For
damagesin all sections other than 1 and 5 the area over predicted is significant. In addition,
for the case of section 6, the damage located is not only in section 6 but also in section 1. This

behavior was seen in several of these simulations.
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Figure 3.31: Unidentified stress regions located for the thirty-two sensor plate.
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Figure 3.32: Location of damage for applied damage in section 1 utilizing a precision of 10
(producing 5 DLVS).
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Figure 3.33: Location of damage for applied damage in section 2 utilizing a precision of 11
(producing 9 DLVs).
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Figure 3.34: Location of damage for applied damage in section 3 utilizing a precision of 10
(producing 13 DLVS).
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Figure 3.35: Location of damage for applied damage in section 4 utilizing a precision of 11
(producing 3 DLVs).
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Figure 3.36: Location of damage for applied damage in section 5 utilizing a precision of 11
(producing 5 DLVS).
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Figure 3.37: Location of damage for applied damage in section 6 utilizing a precision of 10
(producing 5 DLVs).
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Figure 3.38: Location of damage for applied damage in section 7 utilizing a precision of 10
(producing 9 DLVS).
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Figure 3.41: Location of damage for applied damage in section 10 utilizing a precision of 11
(producing 3 DLVs).

Following the same analysis as for the eight sensor plate, it isimportant to look at the
statistical information. With the eight sensor plate model, the best results produced
percentages of about 95% inside the damaged area and 17% outside the damaged area (refer
to Table 3.3). Theresults for the thirty-two sensor model are listed in Table 3.9. The damage
located always completely encompasses the applied damage area, evident since the percent
located inside damage is always 100%. Also note that the damage located outside of the
damaged areais greater than 50% for all cases. It is not known whether adding sensors does
not improve the resolution of the method or the large number of DLV's used causes this

difference.

3.2.3 Locating damage directly from the DLVs

While the above technique shows potential as adamage localization method (after the
above issues with the numerical precision are resolved), the several step process would be

difficult to implement in areal-time system. The author remarked from the previous results
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Table 3.9: Statistical data for applied damagesin sections 1 through 10

Precision Number of DLVs Nu mlt_) Er(:g:eZOi nts Pletr)gg? ;do}‘nzpcljr;ts Izgaiztoﬂ‘ts glg :)?
damaged area damaged area

1 5 465 100% 66.6%

2 9 690 100% 5%

3 13 729 100% 76.8%

4 3 839 100% 79.9%

5 7 561 100% 63.3%

6 5 792 100% 78.7%

7 9 1111 100% 84.8%

8 6 1204 100% 86.0%

9 8 1085 100% 84.4%
10 3 760 100% 77.8%

that amgjority of thetime aset of DLVsisreapplied, the lowest values of DLV s themselves
surrounded the damage. Therefore, this section investigates the localization of damage
directly from the DLV's themselves.

The procedure for locating damage directly form the DLVsis as follows. Once the
flexibility matrices are found for the plate in the undamaged and damaged states the null space
vectors are calculated for all possible precisions. Next, the eight lowest values where
ascertained out of all thirty-two values where each row number is associated with each sensor
number. Only the magnitude of the forces was considered. For each of the eight values, it was
determined what sensor they were associated with. Finally, it was determined what sensor
numbers occurred the most frequently per precision value. Thefinal results are plotted as
percent occurrence vs. sensor number.

The primary advantage of this approach as compared to the complete cal culation of

the low stress area is the required computing time. For the programming used, once the
flexibility matrices are found the computing time is on the order of seconds (time [115

seconds) while locating damage using recal culated stresses is on the order of minutes
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(time 0010 minutes). While both of these calculations could be significantly reduced by
different program languages there is still an order of magnitude difference between them.
Simulations were performed for damage applied in sections 7, 8, 9, 11, 12, 13, 14, 15,
and 16. These are the only nine sections in the plate that are surrounded by eight sensors. In
each section all DLV s were calculated for each precision value. The results are presented in

the following graphs. Since al graphs could not be shown here additional ones can be found
in Appendix B Figures B.1 through B.93.
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Figure 3.42: Sensor occurrence for applied damage in section 7 utilizing 22 DLVS.
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Figure 3.43: Sensor occurrence for applied damage in section 7 utilizing 20 DLVS.
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Figure 3.44: Sensor occurrence for applied damage in section 7 utilizing 17 DLVS.
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Figure 3.45: Sensor occurrence for applied damage in section 7 utilizing 15 DLVS.
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Figure 3.46: Sensor occurrence for applied damage in section 7 utilizing 14 DLVS.
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Figure 3.47: Sensor occurrence for applied damage in section 7 utilizing 11 DLVSs.
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Figure 3.48: Sensor occurrence for applied damage in section 7 utilizing 9 DLVs.

The first set of graphs presented are for damage applied in section 7 for all precisions
(4-10) (Figures 3.42 through 3.48). Sensors 5, 6, 7, 8, 13, 14, 15, and 16 should occur most
often. On notes that in each plot the highest occurrence of sensors are the expected ones. In
some instances, e.g. Figure 3.48, the only sensors that occur are the ones that surround the
damaged area. These results are very promising because the damage is localized well
regardless of precision used, which was not the case when damage was located through the
low stress regions.

Damage was then located for al the remaining sections that have eight sensors
surrounding damage (Figures 3.49 through 3.56). To keep consistent plots, presented are the
plotsfor precisions that have at |east three DLVs. All other plots can be found in Appendix B
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in Figures B.1 through B.48. In each plot one observes that, the sensors that occur the most
frequently, are the ones that surround the damaged area.
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Figure 3.49: Sensor occurrence for applied damage in section 8 utilizing 6 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.
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Figure 3.50: Sensor occurrence for applied damage in section 9 utilizing 8 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.

64



80

60 -

40 -

20

Percent Occurrence (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Sensor Number

Figure 3.51: Sensor occurrence for applied damage in section 11 utilizing 7 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.
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Figure 3.52: Sensor occurrence for applied damage in section 12 utilizing 4 DLVS. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure 3.53: Sensor occurrence for applied damage in section 13 utilizing 6 DLVS. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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Figure 3.54: Sensor occurrence for applied damage in section 14 utilizing 9 DLVS. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure 3.55: Sensor occurrence for applied damage in section 15 utilizing 6 DLVS. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure 3.56: Sensor occurrence for applied damage in section 16 utilizing 8 DLVS. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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3.2.4 L ocating damage using DLV s covering two sections

With this new method several issue also need to be addressed. The first issue is how
does the technique preform when the damage is located such that some sensors arein the
middle of the damage area, i.e. the damage covers multiple sections. For this ssmulation, the
damaged area applied covers sections 7 and 8, having asize of 72 mm x 72 mm. This means
that there are twelve sensors that surround the damaged area (3, 4, 5, 6, 7, 8, 11, 12, 13, 14, 15
and 16). The results cannot be shown for just one precision because the indication of damage
isnot as clear asfor the single-section case. Figures 3.57 through 3.62 show resultsfor all
DLVs. To interpret the data, it can be seen that sensor 16 does not appear as frequently asits
pair sensor 15 does. However, considering the results for each precision values shows that
each of the twelve sensors expected to appear consistently has a higher occurrence than any of
the other sensors. Therefore, it is possible to locate damage over multiple sections.
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Figure 3.57: Sensor occurrence for applied damage in sections 7 and 8 utilizing 2 DLVs.
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Figure 3.58: Sensor occurrence for applied damage in sections 7 and 8 utilizing 3 DLVs.
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Figure 3.59: Sensor occurrence for applied damage in sections 7 and 8 utilizing 5 DLVs.
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Figure 3.60: Sensor occurrence for applied damage in sections 7 and 8 utilizing 7 DLVs.
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Figure 3.61: Sensor occurrence for applied damage in sections 7 and 8 utilizing 10 DLVs.
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Figure 3.62: Sensor occurrence for applied damage in sections 7 and 8 utilizing 12 DLVs.
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Figure 3.63: Sensor occurrence for applied damage in sections 7 and 8 utilizing 15 DLVs.
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Figure 3.64: Sensor occurrence for applied damage in sections 7 and 8 utilizing 18 DLVs.

3.2.5 Severity of damage

Simulations were performed for the thirty-two sensor plate model to test what severity
of damage the method can localize and its ability to distinguish between different severities.
Again severity ismodeled by reducing the area of damage in a particular section. There were

Six sizes of damage considered. Thefirst case was already presented for section 7. The results

can be seen in Figure 3.42 through Figure 3.48. The plate’'s damageisreduced by 9 mm? each
time. The dimensions for each damage size considered can be seen in Figure 3.65 and ther
results are presented in Figures 3.66 through 3.71. Since there are numerous results for each
damage only the best results are included here. The other results are presented in Appendix B
in Figure B.49 through Figure B.81. Again there should be eight sensors that occur more than

the rest in order to localize the damage. In this case the sensor numbers that should have the
highest occurrence are 5, 6, 7, 8, 13, 14, 15 and 16.
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Figure 3.65: Damage sizes for the thirty-two sensor plate model to test for severity.
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Figure 3.66: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 4 DLVs
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Figure 3.67: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizng 17 DLVs
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Figure 3.68: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizng 13 DLVs
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Figure 3.69: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizng 22 DLVs
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Figure 3.70: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizng 27 DLVs

Asthe damage sizeisreduced so is the ability to distinguish which sensors have the
highest occurrence. In Figures 3.66, 3.67 and 3.68, the sensors that occur the most are those
that surround the damage. Asfor Figure 3.69, it is not as apparent which sensors locate the
damage. The smallest size of damage, damage six, isnot located at al, since in Figure 3.70

thereisno distinction between any eight sensors. It is evident that sensors 7 and 8 appear more
frequently than any other but no other sensors show a strong occurrence.

3.2.6 Progressive damage

The final simulation tested the performance of the reduced method to detect
progressive damage. For these simulations the Young's modulus of section 7 was reduced to
0.15 GPa. This plate model with damage in section 7 was then considered as the undamaged
plate. Therefore its flexibility matrix was set as F ;. Next, with section 7 damaged, sections 8
and 9 where damaged (not at the same time) and new flexibility matrices generated to find
new damaged flexibility matrices, F for each case. The same procedure was then followed
for locating damage using only the DLV's. Again not al plots are shown, the ones only with
the best results. The remaining plots can be seenin Appendix B in Figures B.82 through B.93.

The first case looked at was when section 7 was damaged first then section 8. The

sensors that should occur the most frequently are 3, 4, 5, 6, 11, 12, 13, and 14. Thisis because
the only damage that needs to be located is the damage in section 8. As seen in Figure 3.71, it
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is clear that again the method does |ocate damage because sensors all occur 100% of the time.
Next, consider the case of damage in section 9 with section 7 still damaged. The sensors that

should occur most often are 1, 2, 3, 4, 9, 10, 11, and 12. As expected these sensor are present
for 100% of thetime as seenin Figure 3.72.
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Figure 3.71: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 1 DLV.
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Figure 3.72: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 1 DLV.

3.2.7 Summary of results from thethirty-two sensor plate

Locating damage using the recal culated stress field was not as accurate for the thirty-
two sensor plate model asit was for the eight sensor plate model. In addition, the location
calculation was too time consuming for area-time SHM system. Therefore anew simpler

method was created to locate damage. It was based on finding the lowest eight values in each
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set of DLVs and noting at which sensor they occurred. The sensors that occur the most often
are then used to locate damage. The new method performed even better than the previous
techniques. It was able to locate all nine damages considered. In addition it successfully

located damage over two sections. The technique could clearly locate damage as small as 144

mm? and disti nguish between various severities of damage. It isimportant to note also that
there is no longer the requirement to reapply the DLV s to the plate model. Therefore, this
revised method is truly independent of a structural model. Finally, the technique was able to
locate further damage after initial damage had aready occurred.
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Chapter 4

Experimental Work

This chapter presents experimental work performed to validate some of the
simulations presented in the last chapter and eval uate the technique when applied to noisy
data. For this experiment FBGs were modified to measure the required displacements. An
aluminum plate is instrumented with eight surface mounted FBGs. Forces are applied to the
plate at sensor locations by tension of arigid bar structure. Damaged is induced by drilling
holesin the various locations of the plate to reduce the area of the section. The experimental
setup will be explained first. Next, the procedure followed to obtain the flexibility matricesis

detailed. Finally, the results for the various cases considered are presented.

4.1 Experimental setup

The experimental setup was created to mimic the simulations performed for the eight
sensor plate model. Therefore, a thin aluminum plate was cantilevered at one end and
instrumented with eight displacement sensors at |ocations previously mentioned. Finaly,
forces were applied at each sensor location as explained later. The technical drawings of all

the components are shown in Appendix C in Figures C.1 through C.8.

4.1.1 Fiber optic displacement senors

Section 2.6.3 introduced the use of FBG sensors to measure strain. In this experiment,
however, the displacements at each sensor location is required. The measurement of
displacementsis relatively easy using FBG sensors. Figure 4.1, shows the modified setup of
the FBG sensors for this experiment. In order to convert the strain measurement of the FBG
into a displacement, the fiber is fixed at two locations. The first is on the fiber holder and the

second is at the point where the displacement is to be measured. The remaining segments of
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thefiber is not fixed. The fiber holder are fixed so the displacement at the holder can be
considered to be the zero point. In order to measure the displacement at the sensor location the

strain in the FBG is converted into displacement by the following equation for sensor 1.

Key
N ——— FBG
@ Glue
L, |
! |
. . Fiber Optic A . . 0
e . = 1
5 Fiber Optic A, Sensor 1 Sensor 2
' Location Location
Fiber Holder
Edge of Plate
Figure 4.1: Fiber optic displacement sensors using FBGs.
e = 1 (M‘Ab)
Lo @-p)\ A,
AL,
€, = —
1 Ll
1 A —Ap
OAL, = ( ( D [L 4.1
Lo \(1-Pp)\ A, !
OAL; = a+b[h; 4.2

AL, istherefore the displacement at sensor 1. Equation 4.2 is asimplified form of Equation

4.2 interms of the coefficients a and b which can be found from Equation 4.2. For the eight
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sensors, the A, associated with each islisted in Table 4.1 along with the rest of the sensor
properties. The sensors have the same numbering configuration seen in Figure 3.2.

Table 4.1: Propertiesfor sensorsin experimental setup from Equation 4.2

Sensor Ap(nm) L (m) a(m) b (m/nm)
1 1552.86 0.14847 -0.200635 0.0001292
2 1554.40 0.13936 -0.188324 0.0001212
3 1553.12 0.14282 -0.193000 0.0001242
4 1558.09 0.24349 -0.329041 0.0002111
5 1558.16 0.24854 -0.335865 0.0002156
6 1558.07 0.24625 -0.332770 0.0002136
7 1558.22 0.25247 -0.341176 0.0002189
8 1553.97 0.13744 -0.185730 0.0001195
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4.1.2 Plate and loading frame

The plate instrumented with displacement sensors for damage localization for this
experiment is an aluminum 7075 plate of dimensions (12" x 12" x 0.063"). A three
dimensional view of the setup can be seen in Figure 4.2. Before mounting the FBG sensors, a
few modifications were done to the plate. There were four holes that were used to apply the
in-plane loading to the plate through a turnbuckle system (Figure 4.2). Also marks were
scratched onto the plate surface to aid in sensor placement. The locations of the sensors and
loading holes on the plate can be seen in Figure 4.3. Finally, rubber tubing was glued to the
surface of the plate on either side of each of the sensors in order to protect the fibers from
breaking. The fibers themselves were free to move within the tubes so that the displacements
measured were truly at the points where the fiber is glued to the plate. A photograph of the
actual plate can be seen in Figure 4.4. One important difference between the experiment and
simulations are that the forces are not able to be applied at the same sensor locations as the

sensors exactly. That iswhy in Figures 4.3 and 4.4 the holes are offset from the sensors.
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Figure 4.3: Sketch of plate including sensors and loading hole locations.
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Figure 4.4: Photograph of the plate used in the experiment.

4.1.3 Data acquisition system
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Figure 4.5: Data acquisition system for measuring FBG spectrums in reflection.

The data acquisition system used to measure the reflected spectra of the FBG sensors
isshown in Figure 4.5. A tunable laser is used as the power source. Thislaser emitsasingle

wavelength of light and is able to step from a starting wavelength to a final wavelength with a
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step size of 0.01 nm. The light passes through a2 x 1 splitter to the sensing fiber. A certain
portion of thelight is returned by each sensor along the fiber which is returned through the 2 x
1 splitter. The transmitted light is then collected by a nano-second photodector which converts
the optical signal into avoltage. The voltageis sent to aNationa Instruments data acquisition
card. The entire data acquisition system is controlled by aL ABView program. All spectra

were measured in reflection.

Figure 4.6: Photograph of the experimental setup.

4.1.4 Experimental procedure

The first step in the experiment was to obtain the flexibility matrix for the undamaged
plate. All flexibility matrices were found following the same procedure. Theinitial Bragg

wavelengths (A,) were measured for all eight sensors which were pre-tensioned during

mounting as seen in Table 4.1. Next, the plate was|oaded at hole 1 in the x-direction (Figure
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4.3) by decreasing the travel in the turnbuckle. The puller applies aforce, in-plane, on the
plate because the force applied by the turnbuckle isin line with the center of the plate. The
force applied was calculated by measuring the strain in the strain gage holder (see Figure 4.5)
for which two electrical strain gages were mounted on the top and bottom. The strain gage

readings were averaged for an overall strain at the mid-plane through,

_ 8tog + ebottom 4.3
8midpl ane ~ 2 :

The average strain was converted into force since the cross sectional area (9.71 x10 " m?) of
the 6061 aluminum bar is known. Once a desired force has been reached the new Bragg

wavelengths (A1) were measured for all eight sensors. Measurements for the force, are taken

before and after all the FBG sensors were scanned and averaged to allow for error.

Once eight forces were applied to the plate (four in the x-direction and four in the y-
direction), the forces and measured displacements were converted into aflexibility matrix, via
Equation 2.4. The results for each of the eight forces applied were put into the force matrix in
order to apply Equation 2.4 since they were not equal to 1 N as for the simulations.

Once the undamaged flexibility matrix had been calculated, the next step wasto
induce damage in the plate. For this experiment, this was done by drilling a series of holesin
the plate. Since the sensors are a reasonable distance from the holes, this method yields the
same effect as reducing the Young's Modulus, used in the smulations. Four different damage
cases were applied to the plate. The top left corner had nine, twenty-five and sixty-one holes
applied. Afterwards, the center section of the plate had thirty-six holes applied. These

damages in the plate can be seen in Figure 4.7.
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Figure 4.7: Four damage cases applied to in the aluminum plate.

4.2 Results

In this section the results for the four damage cases performed in the experimental
work are presented. The damage was located following the same approach explained in the
simulations for the eight sensor plate where the DLV s were calculated from the null space of
the change in system flexibility matrices. These DLV swere then applied to the ANSY S model
to locate the low stress areas in the plate. However, there are atwo differences between the
treatment of the experimental data and the previous smulations. Thefirst difference is that
when the flexibility matrices for al five cases were determined (undamaged, 9-holes, 25-
holes, 36-hole and 61-holes) the resulting matrices were not symmetric. Thisis dueto the fact

the that the sensors are not located at the exact same locations as the loading holes as well as
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any additional noise. Therefore, the five flexibility matrices were made symmetric by taking

the average of the off-diagonal terms, using the following equation,

The second differenceis that while it was shown that for the eight sensor plate that the best
results were obtained using three DLV's, in the experimental work results are presented from
the DLV sthat produce the best localization. In addition, for the experimental data taken for
the case of damage as sixty-one holesin the top left corner one FBG spectrum was corrupted
meaning that its peak shift was not able to be located for one of the loading conditions. To
remedy this situation, the missing term was replaced by its off-diagonal term. The author feels
that this will not significantly affect the results since afterwards the matrix was forced to be

symmetric by Equation 4.4. The position that was missing was row seven, column five.

4.2.1 Results of damage applied in the top left section

As stated previoudly, there were three damages induced in the top left corner of the
plate: nine, twenty-five and sixty-one holes. The reduction in area of these damagesis
equivalent to areduction of Young's modulus of section 1 (refer to Figure 3.5) by 3%, 9%,
and 19% respectively. These induced damages are small compared to the reduction of Young's
modulus by 50% used in the previous simulations. The results for each of the cases can be

seen in Figures 4.8 through 4.10.
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Figure 4.8: Damage located for nine holes applied in the top left corner.
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Figure 4.9: Damage located for twenty-five holes applied in the top left corner.
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Figure 4.10: Damage located for sixty-one holes applied in the top left corner.

For the nine and twenty-five hole damage cases, as seen in Figures 4.8 and 4.9, the
method located some damage but it is hard to distinguish between that and the unidentified
low stress pointsin the plate. In Figure 4.10, the damage is more prominent. A significant
portion of the located damage differs from the unidentified stress points. As previously done
in the discussion of the simulations, the statistical datafor different damage casesislisted in
Table 4.2. 1t now can be clearly seen that as the damage increases the location of damage
inside the theoretical damaged area a so increases. In addition, the number of DLVsto

produce the best results is the same for each case.

4.2.2 Results of damage applied in the middle of the plate

The goal of this experiment was to determine how the technique localized progressive
damage. The undamaged plate for this experiment is now the plate with sixty-one holesin the
upper left section. Therefore, the last flexibility matrix from the previous section is now

considered to be the undamaged flexibility matrix in order to determine the DLVs. In addition,
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Table 4.2: Satistical data for applied damage in the experimental plate

Number of Percent of Per cent of
Number of Number of ) pointslocated | pointslocated
Points - .
holes DLVs L ocated inside outside of
damaged area | damaged area
9 2 55 7.7% 38.2%
25 2 72 8.2% 45.4%
61 2 150 27.7% 18.7

the plate model that the DLV s are to be reapplied had the Young's modulus of the top left
corner section reduced by 19% in the top left corner. The damage that was created in this plate
was equivalent to a 11% reduction in Young's modulus of the middle section. The results for
one DLV obtained from the experimental data can be seenin Figure 4.11. It is obvious that no
damage was located for this case, therefore more investigation is required to determine why.
After performing the calculations for the previous experiment, it was determined that the 11%

reduction used may not be sufficient for damage localization in the center region.

£ e
: K Experimentally
Found Damage
o Actual Damage
Unidentified
I Region
8
£
g
=
c
5
(]
o
)
I 4
0 4 8 12
X-Coordinate (in)

Figure 4.11: Damage located for thirty-six holes applied in the middle of the plate.
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4.3 Summary of results

For the experimental results, the flexibility matrices were found in asimilar procedure
asin the ssimulation with minor differences. Damages were induced by drilling holesin the
plate to reduce the area. There were four damages created to test experimental damage was
located. The results show that small damages regardless of location are not able to be located.
Larger damages on the other hand were. In addition, the experiments showed that damage was
able to be located even with noise introduced. This noise was due to the difficulty of applying
pure in-plane loading, noise from the sensors and strain gages themselves and not applying
loads at the exact sensor locations. In addition, while drilling holes approximates a global
reduction in Young's modulus of the section, the presence of the holes locally causes stress
concentrations which might add additional error.
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Chapter 5

Conclusions

The goal of this thesis was to develop a damage localization method that uses only
sensor and actuator data thereby eliminating the need for structural modelling. The
simulations presented demonstrated how the method reacts to different applied damage and
sensor configurations. In addition, an experimental setup using an aluminum plate with eight
displacement sensors surface mounted was performed to locate the induced damage.

The simulations were performed for two sensor configurations, eight and thirty-two
sensors. The plate with eight sensors showed that the technique was able to locate damagesin
the outer sections of the plate. The use of three DLV's was found to best |ocate the damage in
these sections. Next, damage was induced between adjoining sections which produced
damage localization in both grid sections rather than limited to the damaged area. In addition,
damage was induced in one section in order to determine the ability of the method to locate

size of damage and its ability to distinguish between severity of multiple damages. It was

concluded that a damage of 9 mm? was able to detected but there was no clear distinction
between any of the severities. Damage in the middle of the plate was not located as well and
raised severa questions that were considered in the following simulations of a plate with
thirty-two sensors. Finally all locations of damage were very sensitive to changesin precision
of componentsin AF.

In the thirty-two sensor plate simulations the same procedure of reapplying the
damage |ocation vectorsto the plate in order to locate the low stress points was donefirst. The
results were not very promising. Damage was located in sections other then just the one
induced in amost al of the cases. Mativated by this, a new method to locate damage by
determining which sensors had the 8 lowest DLV s associated with them was presented. This
new method produced excellent results. In al sections that damage was induced, the revised

method |located damage regardless of the precision used and the number of DLV s. In addition,
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the method was able to locate damage covering multiple sections. Again severity of damage
was induced in the plate which showed that the new method was able to distinguish between

severities and can locate a damage of 144 mm?. Final ly, the plate with an initially damaged
region was simulated to determine if the technique had the ability to |ocate damages occurring
afterwards.

Finally an experiment was performed for an aluminum plate with eight fiber optic
displacement sensors surface mounted. Four damages wereinduced in the plate in order to see
if the method could be applied to areal application. The experimental setup was only ableto
locate large damages and did not locate damage in the middle of the plate. Error in the results
might have been due to the difficulty of applying pure in-planeloading, noise from the sensors
and strain gages themselves and not applying the loading at the exact sensor locations.

Thiswork shows that method could be a very useful way to locate damagein a
structure. To prove its usefulness future experimental work should be performed to include a
plate with thirty-two surface mounted sensors. A future goal would be to apply thisto a

composite with embedded sensors which for real applications.
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Appendix A

Eight Sensor Plate Plots

A.1 Location plotsfor applied damage in section 3
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Figure A.1: Location of damage for applied damage in section 3 utilizing a precision of 1
(producing 8 DLVS).
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Figure A.2: Location of damage for applied damage in section 3 utilizing a precision of 2

(producing 7 DLVSs).
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Figure A.3: Location of damage for applied damage in section 3 utilizing a precision of 3
(producing 6 DLVS).
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Figure A.4: Location of damage for applied damage in section 3 utilizing a precision of 4

(producing 4 DLVs).
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Figure A.5: Location of damage for applied damage in section 3 utilizing a precision of 6
(producing 2 DLVS).
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Figure A.6: Location of damage for applied damage in section 3 utilizing a precision of 7
(producing 1 DLVs).
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A.2 Location plotsfor applied damagein section 7
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Figure A.7: Location of damage for applied damage in section 7 utilizing a precision of 2
(producing 7 DLVS).
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Figure A.8: Location of damage for applied damage in section 7 utilizing a precision of 3
(producing 5 DLVs).
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Figure A.9: Location of damage for applied damage in section 7 utilizing a precision of 4
(producing 4 DLVS).
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Figure A.10: Location of damage for applied damage in section 7 utilizing a precision of 6
(producing 1 DLVs).
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A.3 Location plotsfor applied damage in between sections
1and 2
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Figure A.11: Location of damage for applied damage in between sections 1 and 2 utilizing a
precision of 2 (producing 6 DLVSs).
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Figure A.12: Location of damage for applied damage in between sections 1 and 2 utilizing a
precision of 3 (producing 5 DLVSs).
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Figure A.13: Location of damage for applied damage in between sections 1 and 2 utilizing a
precision of 6 (producing 1 DLVS).
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A.4 Location plotsfor applied damage for severity
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Figure A.14: Location of damage for applied damage in section 1 of dimensions 54 mm x 54
mmutilizng 3 DLVs.
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Figure A.15: Location of damage for applied damage in section 1 of dimensions 48 mm x 48
mmutilizing 3 DLVs.
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Figure A.16: Location of damage for applied damage in section 1 of dimensions 42 mm x 42
mm utilizing 3 DLVs.
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Figure A.17: Location of damage for applied damage in section 1 of dimensions 36 mm x 36
mmutilizing 3 DLVs.
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Figure A.18: Location of damage for applied damage in section 1 of dimensions 24 mm x 24
mm utilizing 3 DLVs.
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Figure A.19: Location of damage for applied damage in section 1 of dimensions 18 mm x 18
mmutilizing 3 DLVs.
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Figure A.20: Location of damage for applied damage in section 1 of dimensions 12 mm x 12
mm utilizing 3 DLVs.
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Figure A.21: Location of damage for applied damage in section 1 of dimensions 6 mmx 6 mm
utilizing 3 DLVs.
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Appendix B

Thirty-two Sensor Plate Plots

B.1 Location plotsfor applied damagein section 8
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Figure B.1: Sensor occurrence for applied damage in section 8 utilizing 8 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.
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Figure B.2: Sensor occurrence for applied damage in section 8 utilizing 10 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.
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Figure B.3: Sensor occurrence for applied damage in section 8 utilizing 12 DLVs. Sensors
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Figure B.4: Sensor occurrence for applied damage in section 8 utilizing 15 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.
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Figure B.5: Sensor occurrence for applied damage in section 8 utilizing 18 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.
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Figure B.6: Sensor occurrence for applied damage in section 8 utilizing 21 DLVs. Sensors
3,4,5,6,11,12,13,14 are closest to damage area.

B.2 Location plotsfor applied damage in section 9
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Figure B.7: Sensor occurrence for applied damage in section 9 utilizing 10 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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Figure B.8: Sensor occurrence for applied damage in section 9 utilizing 13 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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Figure B.9: Sensor occurrence for applied damage in section 9 utilizing 14 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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Figure B.10: Sensor occurrence for applied damage in section 9 utilizng 17 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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Figure B.11: Sensor occurrence for applied damage in section 9 utilizing 19 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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Figure B.12: Sensor occurrence for applied damage in section 9 utilizing 21 DLVs. Sensors
1,2,3,4,9,10,11,12 are closest to damage area.
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B.3 Location plotsfor applied damagein section 11
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Figure B.13: Sensor occurrence for applied damage in section 11 utilizing 8 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.
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Figure B.14: Sensor occurrence for applied damage in section 11 utilizing 11 DLVS. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.
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Figure B.15: Sensor occurrence for applied damage in section 11 utilizing 12 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.
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Figure B.16: Sensor occurrence for applied damage in section 11 utilizing 15 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.
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Figure B.17: Sensor occurrence for applied damage in section 11 utilizing 18 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.

114



Percent Occurrence (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Sensor Number

Figure B.18: Sensor occurrence for applied damage in section 11 utilizing 21 DLVs. Sensors
13,14,15,16,21,22,23,24 are closest to damage area.

B.4 Location plotsfor applied damagein section 12
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Figure B.19: Sensor occurrence for applied damage in section 12 utilizing 6 DLVs. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure B.20: Sensor occurrence for applied damage in section 12 utilizing 8 DLVs. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure B.21: Sensor occurrence for applied damage in section 12 utilizing 14 DLVs. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure B.22: Sensor occurrence for applied damage in section 12 utilizing 16 DLVs. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure B.23: Sensor occurrence for applied damage in section 12 utilizing 20 DLVs. Sensors
11,12,13,14,19,20,21,22 are closest to damage area.
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Figure B.24: Sensor occurrence for applied damage in section 13 utilizing 2 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.

117



80

60 -

40

20

Percent Occurrence (%)

1T 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Sensor Number

Figure B.25: Sensor occurrence for applied damage in section 13 utilizing 8 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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Figure B.26: Sensor occurrence for applied damage in section 13 utilizing 9 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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Figure B.27: Sensor occurrence for applied damage in section 13 utilizing 12 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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Figure B.28: Sensor occurrence for applied damage in section 13 utilizing 14 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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Figure B.29: Sensor occurrence for applied damage in section 13 utilizing 17 DLVs. Sensors
9,10,11,12,17,18,19,20 are closest to damage area.
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B.6 Location plotsfor applied damage in section 14
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Figure B.30: Sensor occurrence for applied damage in section 14 utilizng 11 DLVs. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure B.31: Sensor occurrence for applied damage in section 14 utilizng 11 DLVs. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure B.32: Sensor occurrence for applied damage in section 14 utilizing 15 DLVsS. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure B.33: Sensor occurrence for applied damage in section 14 utilizing 17 DLVs. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure B.34: Sensor occurrence for applied damage in section 14 utilizing 20 DLVs. Sensors
21,22,23,24,29,30,31,32 are closest to damage area.
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Figure B.35: Sensor occurrence for applied damage in section 15 utilizing 8 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure B.36: Sensor occurrence for applied damage in section 15 utilizing 10 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure B.37: Sensor occurrence for applied damage in section 15 utilizing 12 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure B.38: Sensor occurrence for applied damage in section 15 utilizing 15 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure B.39: Sensor occurrence for applied damage in section 15 utilizing 18 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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Figure B.40: Sensor occurrence for applied damage in section 15 utilizing 21 DLVs. Sensors
19,20,21,22,27,28,29,30 are closest to damage area.
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B.8 Location plotsfor applied damagein section 16
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Figure B.41: Sensor occurrence for applied damage in section 16 utilizing 1 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.42: Sensor occurrence for applied damage in section 16 utilizing 2 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.43: Sensor occurrence for applied damage in section 16 utilizing 10 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.44: Sensor occurrence for applied damage in section 16 utilizing 13 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.45: Sensor occurrence for applied damage in section 16 utilizing 14 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.46: Sensor occurrence for applied damage in section 16 utilizing 17 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.47: Sensor occurrence for applied damage in section 16 utilizing 19 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.48: Sensor occurrence for applied damage in section 16 utilizing 21 DLVs. Sensors
17,18,19,20,25,26,27,28 are closest to damage area.
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Figure B.49: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 14 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.50: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 16 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.51: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 18 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.52: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 19 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.53: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 23 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.54: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figure
3.65) utilizing 24 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.55: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 3 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.56: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 17 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.57: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 19 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.58: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 22 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.59: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 24 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.

Percent Occurrence (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Sensor Number

Figure B.60: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 25 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.61: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figure
3.65) utilizing 27 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.62: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 1 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.63: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 19 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.64: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 22 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.65: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 24 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.66: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 25 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.67: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figure
3.65) utilizing 27 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.68: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 5 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.69: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 25 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.70: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 25 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.71: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 27 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.72: Occurrence of sensorsfor applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 29 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.73: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 29 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.74: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figure
3.65) utilizing 31 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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B.13 Location plotsfor applied damage in sections 7
damage size 6
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Figure B.75: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 2 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.76: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 9 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.77: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 27 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.78: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 28 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.79: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 29 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.80: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 29 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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Figure B.81: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figure
3.65) utilizing 31 DLVs. Sensors 5,6,7,8,13,14,15,16 are closest to damage area.
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B.14 Progressive damage plate for applied damage in
section 7 followed by damage in section 8
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Figure B.82: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 5 DLVs.
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Figure B.83: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 8 DLVs.
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Figure B.84: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 10 DLVSs,
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Figure B.85: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 12 DLVSs,
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Figure B.86: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 15 DLVS,
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Figure B.87: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 8 utilizing 18 DLVSs.
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Figure B.88: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 8 DLVs.
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Figure B.89: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 10 DLVSs,
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Figure B.90: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 13 DLVSs.
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Figure B.91: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 14 DLVs,
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Figure B.92: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 17 DLVS,
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Figure B.93: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 19 DLVs,
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Figure B.94: Occurrence of sensors for progressive damage in section 7 in order to locate
damage in section 9 utilizing 21 DLVs,

147



Appendix C

Technical Drawingsfor the Experimental
Setup

148



61T

SJep|oy Jeqly 0M1 Wwonog ay Jo bumep [ediuyosl 1D 84nbi

0375 —#= - — ~=— 0375

0375 o Y O

~— 1.375

(————— 2750 ——— =

NOTE:
A: SIZED & COUNTER SUNK FOR 1/4" x 20 SCREW
B: CENTER LINE SCRATCHED ON FACE
(WILL BE USED FOR REFERENCE IN EXP.)
C: HEIGHT OF 1.063" IS NOT A MISTAKE ->
THIS MUST HAVE A TOLERANCE OF +/-0.001
D: MATERIAL IS ALUMINUM

T
PR — |

——

0.750




0ST
sJeploy Jogly oM 1| 8y Jo Buimep reoluyoal 2D anbi4

NOTE:

0375 —%—

@

0.375

- 1.125

1.063

.- 2750 ————————®=—

A: SIZED & COUNTER SUNK FOR 1/4" x 20 SCREW
B: CENTER LINE SCRATCHED ON FACE
(WILL BE USED FOR REFERENCE IN EXP.)
C: HEIGHT OF 1.063" IS NOT A MISTAKE ->
THIS MUST HAVE A TOLERANCE OF +/-0.001
D: MATERIAL IS ALUMINUM

—=— 0375

—

<D

-

0.750 -




TST

€D aInbi

J8pjoy are|d syl Jo Bume.p [ealuyosL

NOTE:

A: THREADED FOR 1/4" x 20 SCREWS

B: SIZED AND COUNTER SUNK FOR 1/4" x 20 SCREWS

C: SCREW MUST BE BELOW THE SURFACE
D: MAKE SLOT SHOULD BE SIZED SO THAT

0.063" PLATE FITS TIGHTLY. MUST BE 1" FROM THE BOTTOM

E: MATERIAL IS ALUMINUM

~ 5,500 -
= 0500
— 0250
,,,,,, B
© (P O (P © O
I~ 2000 Jw.ooo 1.000L 1500 —= 1.000 | 1.000 | 1.000 | 1000 =~ 1500 Jw.ooo 1000 =~ 2000 —=
15.000
- 0.500
=~ 1.500 ~=}= 3.750 - 3500
A A A A A A
/ / / / /
T I T T ‘ T TT
1| Il 11 L1 1
T T
\r_‘\
(]
[
[
B

1.000

1375




¢st

are(d ay) Jo Buwep eoIuyss] D aInbi4

12.000
4000 4000 4,000
3.750 3.750
I |
I |
I |
I |
3.750 I
4,000 : | |
| :
A I |
I |
o I |
__________ L e
-/ i
: B I A
12.000 | B I
| \
4,000
| |
| B |
|
A : B | A
_________ J L]
| :
I |
I |
I |
|
4000 3750 | I 3.750
I |
I |
I |
I I
|
3.750 3.750
NOTE:

A: SIZED TO FIT 1/8" PIN/SCREW

B: CENTER LINE SCRATCHED ON FACE
(WILL BE USED FOR REFERENCE IN EXP.)

C: MATERIAL IS ALUMINUM

—=ll=— 0.063




€sT
Jo|ind ays Jo Bume Jp [eaIuydsl G anbi4

14.0000

|
"‘ 0.2500 |
1

€l

R0.2500
A

1.8750 —=

-
S

U’\
P

TT |

11
03125 - |

Ll

! _J/’
c ‘ ‘
12500 | 12.7500 |
NOTE:

A: SIZED TO FIT 1/4" TURNBUCKLE PIN
B: SIZED TO FIT 0.125" PIN/SCREW

C: ROUNDED CORNERS

D: MATERIAL IS ALUMINUM




12

»Bploy B|indapis 611 8yl Jo Buimvelp [ealuyos) 9D aInbi-

A
g 2.000 B A A
i \ Ié Y
w - QC o ©
!
0.500 — -t — 0.750 [ —
Lo 1.000 Bl oo 1.000
B sl 1.625
i 1T 1 Ty I
||
"' 1
Lo 0450 Lol
1.500 [ N 1 \ [
L] RE Lol
N A0 |
Y N Loy
C
—— 4,000
NOTE:

A: SIZED & COUNTER SUNK FOR 1/4" x 20
B: SIZED TO FIT 1/4" x 20

C: THREAD FOR A 1/4" x 20

B: MATERIAL IS ALUMINUM

DD

O DD

0.375

- 0.500

i

0.250
!
T 11 A
I —
b
[T 1 1.500
[
[
o !




sie1)
lapjoy Jo|ind apis doiay jo Buwep [eauyas) /D anbiH

L o6

0.375

~=— 0375 %

0.375 —= [l —— — 0.750 [ — -
— 0.875 —— — 0.875 [
B
\ —— 1750 ———#= r 0.250
[ [l I VH I | [T Tl
| Il | - H f I =
1 1 1
0.450
[ [ I I
1,500 . T Q [ T 1,500
[ 1 [ I [
[ | 0800 [ I [
[ [ v [ I (.
L . | N P S L
—®= (0750 |———
i 4.250 —
NOTE:

A: SIZED & COUNTER SUNK FOR 1/4" x 20

B: SIZED TO FIT 1/4" x 20
C: THREAD FOR A 1/4" x 20
B: MATERIAL IS ALUMINUM




9S1

unow abeh ureis ay Jo Buiwe Jp [eaIuyds] 8D ainbi4

f F 0.2500
T@ 0.5000 v {

0.2500 —= - # — - ~=— 0.2500

R0.2500

o
w
N
o

A

5.0000

_

NOTE:

A: SIZED TO FIT 1/4" TURNBUCKLE PIN
B: SIZED TO FIT 1/4" x 20 SCREWS

C: MATERIAL IS ALUMINUM




	Heading1 - Michael J. Camerino
	Appoved - Approved By:
	Heading Chapter - List of Figures
	Heading Chapter - List of Tables

	Heading1 - Chapter 1
	Heading Chapter - Introduction

	Heading1 - Chapter 2
	Heading Chapter - Background
	Heading2 - 2.1 Damage identification
	Heading2 - 2.2 Current damage detection methods
	Heading3 - 2.2.1 Frequency response methods
	Heading3 - 2.2.2 Model comparison methods
	Heading3 - 2.2.3 Neural Networks

	Heading2 - 2.3 Flexibility approach to damage localization
	Figure - Figure 2.1: Schematic illustration of damaged and undamaged domains [8].
	equation num - 2.1

	Heading2 - 2.4 Application of displacement sensors to the flexibility approach
	equation num - 2.2
	equation num - 2.3
	equation num - 2.4
	equation num - 2.5
	equation num - 2.6
	equation num - 2.7
	equation num - 2.8

	Heading2 - 2.5 Truss example
	TableTitle - Table 2.1: Truss properties
	Figure - Figure 2.2: Geometry and symbols of the five bar truss structure.
	Figure - Figure 2.3: Displacement sensor location of the five-bar truss.

	equation num - 2.9
	equation num - 2.10
	equation num - 2.11
	equation num - 2.12
	equation num - 2.13

	Heading2 - 2.6 Fiber optic waveguides
	Heading3 - 2.6.1 Introduction to fiber optic waveguides
	Figure - Figure 2.4: Fiber optic waveguide [13].
	Figure - Figure 2.5: Snell’s law applied to a fiber optic waveguide.
	TableTitle - Table 2.2: Fiber optic coating properties [13]

	Heading3 - 2.6.2 Advantages of fiber optic sensors
	Figure - Figure 2.6: Three electrical strain gages vs. three fiber optic strain gages.

	Heading3 - 2.6.3 Fiber Bragg grating strain sensor
	Figure - Figure 2.7: Fiber Bragg grating showing schematically the periodic change in the index o...
	Figure - Figure 2.8: Phase mask setup for the fabrication of a fiber Bragg grating [16].
	Figure - Figure 2.9: Propagation of light waves through an optical fiber with a FBG.
	Figure - Figure 2.10: Original reflected spectrum from a FBG
	Figure - Figure 2.11: FBG spectrum after compressive load has been applied.
	Figure - Figure 2.12: FBG spectrum after tensile load has been applied.
	equation num - 2.14




	Heading1 - Chapter 3
	Heading Chapter - Simulations
	Heading2 - 3.1 Eight sensor plate model
	Heading3 - 3.1.1 Model explanation
	Figure - Figure 3.1: Dimensions and boundary conditions for the eight sensor plate model.
	Figure - Figure 3.2: Sensor locations for the eight sensor plate model.

	Heading3 - 3.1.2 Calculation of a flexibility matrix
	equation num - 3.1
	equation num - 3.2
	equation num - 3.3
	Figure - Figure 3.3: Creation of the undamaged flexibility matrix from displacements at sensors 1...
	Figure - Figure 3.4: Creation of the undamaged flexibility matrix from displacements at sensors 3...


	Heading3 - 3.1.3 Damage localization
	Figure - Figure 3.5: The nine damage sections of the eight sensor plate model.
	equation num - 3.4
	TableTitle - Table 3.1: Number of DLVs for each precision for damage in section 1
	Figure - Figure 3.6: DLVs for damage in section 1.
	Figure - Figure 3.7: Application of damage location vector # 1 utilizing a precision of 1. All th...


	equation num - 3.5
	Figure - Figure 3.8: Maximum principal stress (MPS) plots for locating damage in section 1 utiliz...
	Figure - Figure 3.9: Damage located using MPS for applied damage in section 1 and a precision of 1.
	Figure - Figure 3.10: Final damage located using MPS for applied damage in section 1 utilizing a ...


	Heading3 - 3.1.4 Filtering unidentified stress regions
	Figure - Figure 3.11: Unidentified stress points for MPS for loading schemes one and two.
	Figure - Figure 3.12: Unidentified stress region for the eight-sensor plate model.

	Heading3 - 3.1.5 Results for damage applied in section 1
	Figure - Figure 3.13: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.14: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.15: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.16: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.17: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.18: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.19: Location of damage for applied damage in section 1 utilizing a precision of...
	TableTitle - Table 3.2: Statistical data for applied damage in section 1

	Heading3 - 3.1.6 Damage applied in section 3
	Figure - Figure 3.20: Location of damage for applied damage in section 3 utilizing a precision of...
	TableTitle - Table 3.3: Statistical data for applied damage in section 3

	Heading3 - 3.1.7 Damage applied in section 7
	TableTitle - Table 3.4: Statistical data for applied damage in section 7
	Figure - Figure 3.21: Location of damage for applied damage in section 7 utilizing a precision of...


	Heading3 - 3.1.8 Damage applied in section 5
	TableTitle - Table 3.5: Statistical data for applied damage in section 5
	Figure - Figure 3.22: Location of damage for applied damage in section 5 utilizing a precision of...
	Figure - Figure 3.23: Location of damage for applied damage in section 5 utilizing a precision of...


	Heading3 - 3.1.9 Damage applied in sections 1 and 2
	Figure - Figure 3.24: Applied damage regions located between sections 1 and 2.
	TableTitle - Table 3.6: Statistical data for applied damage in section 1 and 2
	Figure - Figure 3.25: Location of damage for damage applied in sections 1 and 2 utilizing a preci...
	Figure - Figure 3.26: Location of damage for applied damage in sections 1 and 2 utilizing a preci...


	Heading3 - 3.1.10 Severity of damage
	TableTitle - Table 3.7: Number of points located for severity of damage in section 1
	Figure - Figure 3.27: Location of damage for applied damage in section 1 of dimensions 30 mm x 30...
	Figure - Figure 3.28: Location of damage for applied damage in section 1 of dimensions 3 mm x 3 m...


	Heading3 - 3.1.11 Summary of results from the eight sensor model

	Heading2 - 3.2 Thirty-two sensor plate model
	Heading3 - 3.2.1 Thirty-two sensor plate model properties
	Figure - Figure 3.29: Dimensions and sensor layout for the thirty-two sensor plate.
	Figure - Figure 3.30: The sixteen damage sections of the thirty-two sensor plate model.

	Heading3 - 3.2.2 Damage location for thirty-two sensor plate model
	TableTitle - Table 3.8: Number of DLVs for each section in the thirty-two sensor plate model
	Figure - Figure 3.31: Unidentified stress regions located for the thirty-two sensor plate.
	Figure - Figure 3.32: Location of damage for applied damage in section 1 utilizing a precision of...
	Figure - Figure 3.33: Location of damage for applied damage in section 2 utilizing a precision of...
	Figure - Figure 3.34: Location of damage for applied damage in section 3 utilizing a precision of...
	Figure - Figure 3.35: Location of damage for applied damage in section 4 utilizing a precision of...
	Figure - Figure 3.36: Location of damage for applied damage in section 5 utilizing a precision of...
	Figure - Figure 3.37: Location of damage for applied damage in section 6 utilizing a precision of...
	Figure - Figure 3.38: Location of damage for applied damage in section 7 utilizing a precision of...
	Figure - Figure 3.39: Location of damage for applied damage in section 8 utilizing a precision of...
	Figure - Figure 3.40: Location of damage for applied damage in section 9 utilizing a precision of...
	Figure - Figure 3.41: Location of damage for applied damage in section 10 utilizing a precision o...

	TableTitle - Table 3.9: Statistical data for applied damages in sections 1 through 10

	Heading3 - 3.2.3 Locating damage directly from the DLVs
	Figure - Figure 3.42: Sensor occurrence for applied damage in section 7 utilizing 22 DLVs.
	Figure - Figure 3.43: Sensor occurrence for applied damage in section 7 utilizing 20 DLVs.
	Figure - Figure 3.44: Sensor occurrence for applied damage in section 7 utilizing 17 DLVs.
	Figure - Figure 3.45: Sensor occurrence for applied damage in section 7 utilizing 15 DLVs.
	Figure - Figure 3.46: Sensor occurrence for applied damage in section 7 utilizing 14 DLVs.
	Figure - Figure 3.47: Sensor occurrence for applied damage in section 7 utilizing 11 DLVs.
	Figure - Figure 3.48: Sensor occurrence for applied damage in section 7 utilizing 9 DLVs.
	Figure - Figure 3.49: Sensor occurrence for applied damage in section 8 utilizing 6 DLVs. Sensors...
	Figure - Figure 3.50: Sensor occurrence for applied damage in section 9 utilizing 8 DLVs. Sensors...
	Figure - Figure 3.51: Sensor occurrence for applied damage in section 11 utilizing 7 DLVs. Sensor...
	Figure - Figure 3.52: Sensor occurrence for applied damage in section 12 utilizing 4 DLVs. Sensor...
	Figure - Figure 3.53: Sensor occurrence for applied damage in section 13 utilizing 6 DLVs. Sensor...
	Figure - Figure 3.54: Sensor occurrence for applied damage in section 14 utilizing 9 DLVs. Sensor...
	Figure - Figure 3.55: Sensor occurrence for applied damage in section 15 utilizing 6 DLVs. Sensor...
	Figure - Figure 3.56: Sensor occurrence for applied damage in section 16 utilizing 8 DLVs. Sensor...

	Heading3 - 3.2.4 Locating damage using DLVs covering two sections
	Figure - Figure 3.57: Sensor occurrence for applied damage in sections 7 and 8 utilizing 2 DLVs.
	Figure - Figure 3.58: Sensor occurrence for applied damage in sections 7 and 8 utilizing 3 DLVs.
	Figure - Figure 3.59: Sensor occurrence for applied damage in sections 7 and 8 utilizing 5 DLVs.
	Figure - Figure 3.60: Sensor occurrence for applied damage in sections 7 and 8 utilizing 7 DLVs.
	Figure - Figure 3.61: Sensor occurrence for applied damage in sections 7 and 8 utilizing 10 DLVs.
	Figure - Figure 3.62: Sensor occurrence for applied damage in sections 7 and 8 utilizing 12 DLVs.
	Figure - Figure 3.63: Sensor occurrence for applied damage in sections 7 and 8 utilizing 15 DLVs.
	Figure - Figure 3.64: Sensor occurrence for applied damage in sections 7 and 8 utilizing 18 DLVs.

	Heading3 - 3.2.5 Severity of damage
	Figure - Figure 3.65: Damage sizes for the thirty-two sensor plate model to test for severity.
	Figure - Figure 3.66: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure 3.67: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure 3.68: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure 3.69: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure 3.70: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...

	Heading3 - 3.2.6 Progressive damage
	Figure - Figure 3.71: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure 3.72: Occurrence of sensors for progressive damage in section 7 in order to locat...

	Heading3 - 3.2.7 Summary of results from the thirty-two sensor plate



	Heading1 - Chapter 4
	Heading Chapter - Experimental Work
	Heading2 - 4.1 Experimental setup
	Heading3 - 4.1.1 Fiber optic displacement senors
	Figure - Figure 4.1: Fiber optic displacement sensors using FBGs.
	equation num - 4.1
	equation num - 4.2
	TableTitle - Table 4.1: Properties for sensors in experimental setup from Equation 4.2
	Figure - Figure 4.2: Three dimensional view of the experimental setup.



	Heading3 - 4.1.2 Plate and loading frame
	Figure - Figure 4.3: Sketch of plate including sensors and loading hole locations.
	Figure - Figure 4.4: Photograph of the plate used in the experiment.

	Heading3 - 4.1.3 Data acquisition system
	Figure - Figure 4.5: Data acquisition system for measuring FBG spectrums in reflection.
	Figure - Figure 4.6: Photograph of the experimental setup.

	Heading3 - 4.1.4 Experimental procedure
	equation num - 4.3
	Figure - Figure 4.7: Four damage cases applied to in the aluminum plate.



	Heading2 - 4.2 Results
	equation num - 4.4
	Heading3 - 4.2.1 Results of damage applied in the top left section
	Figure - Figure 4.8: Damage located for nine holes applied in the top left corner.
	Figure - Figure 4.9: Damage located for twenty-five holes applied in the top left corner.
	Figure - Figure 4.10: Damage located for sixty-one holes applied in the top left corner.
	TableTitle - Table 4.2: Statistical data for applied damage in the experimental plate

	Heading3 - 4.2.2 Results of damage applied in the middle of the plate
	Figure - Figure 4.11: Damage located for thirty-six holes applied in the middle of the plate.


	Heading2 - 4.3 Summary of results


	Heading1 - Chapter 5
	Heading Chapter - Conclusions

	Heading1 - Chapter 6
	Heading Chapter - References
	Reference - 1. C. Boller, “Next generation health monitoring and its integration into aircraft de...
	Reference - 2. E. J. Barbero, Introduction to composite materials design, Taylor and Francis, 1999.
	Reference - 3. U. Lee and J. Shin, “Frequency response-based structural damage identification met...
	Reference - 4. R. Seydel and F. Chang, “Impaction identification of stiffened composite panels: I...
	Reference - 5. R. Seydel and F. Chang, “Impaction identification of stiffened composite panels: I...
	Reference - 6. A. Todorki and Y. Tanka, “Delamination identification of cross-ply graphite/epoxy ...
	Reference - 7. M. Studer and K. Peters, “Multi-Scale sensing for damage identification”, submitte...
	Reference - 8. D. Bernal, “Load vectors for damage localization”, Journal of Engineering Mechanic...
	Reference - 9. D. Bernal and A. Levy, “Damage localization in plates using DLVs”, International M...
	Reference - 10. C. A. Felippa and K.C. Park, “The construction of free-free flexibility matrices ...
	Reference - 11. R.C. Hibbler, Mechanics of Materials, Midmillan Publishing Co., 1991.
	Reference - 12. C.D. Butter and G.B. Hocker, “Fiber optic strain gauge”, Applied Optics, Vol. 17,...
	Reference - 13. R. M. Measures, Structural health monitoring with fiber optic technology, Acedami...
	Reference - 14. M. Studer and K. Peters, “Multi-scale embedded sensing for damage identification”...
	Reference - 15. A. Kalamkarov and H. Liu, “Experimental and analytical studies of smart composite...
	Reference - 16. Kashyap R., Fiber Bragg Gratings, Academic Press, 1999.

	Heading Chapter - Eight Sensor Plate Plots
	Heading2 - A.1 Location plots for applied damage in section 3
	Figure - Figure A.1: Location of damage for applied damage in section 3 utilizing a precision of ...
	Figure - Figure A.2: Location of damage for applied damage in section 3 utilizing a precision of ...
	Figure - Figure A.3: Location of damage for applied damage in section 3 utilizing a precision of ...
	Figure - Figure A.4: Location of damage for applied damage in section 3 utilizing a precision of ...
	Figure - Figure A.5: Location of damage for applied damage in section 3 utilizing a precision of ...
	Figure - Figure A.6: Location of damage for applied damage in section 3 utilizing a precision of ...

	Heading2 - A.2 Location plots for applied damage in section 7
	Figure - Figure A.7: Location of damage for applied damage in section 7 utilizing a precision of ...
	Figure - Figure A.8: Location of damage for applied damage in section 7 utilizing a precision of ...
	Figure - Figure A.9: Location of damage for applied damage in section 7 utilizing a precision of ...
	Figure - Figure A.10: Location of damage for applied damage in section 7 utilizing a precision of...

	Heading2 - A.3 Location plots for applied damage in between sections 1 and 2
	Figure - Figure A.11: Location of damage for applied damage in between sections 1 and 2 utilizing...
	Figure - Figure A.12: Location of damage for applied damage in between sections 1 and 2 utilizing...
	Figure - Figure A.13: Location of damage for applied damage in between sections 1 and 2 utilizing...

	Heading2 - A.4 Location plots for applied damage for severity
	Figure - Figure A.14: Location of damage for applied damage in section 1 of dimensions 54 mm x 54...
	Figure - Figure A.15: Location of damage for applied damage in section 1 of dimensions 48 mm x 48...
	Figure - Figure A.16: Location of damage for applied damage in section 1 of dimensions 42 mm x 42...
	Figure - Figure A.17: Location of damage for applied damage in section 1 of dimensions 36 mm x 36...
	Figure - Figure A.18: Location of damage for applied damage in section 1 of dimensions 24 mm x 24...
	Figure - Figure A.19: Location of damage for applied damage in section 1 of dimensions 18 mm x 18...
	Figure - Figure A.20: Location of damage for applied damage in section 1 of dimensions 12 mm x 12...
	Figure - Figure A.21: Location of damage for applied damage in section 1 of dimensions 6 mm x 6 m...


	Heading Chapter - Thirty-two Sensor Plate Plots
	Heading2 - B.1 Location plots for applied damage in section 8
	Figure - Figure B.1: Sensor occurrence for applied damage in section 8 utilizing 8 DLVs. Sensors ...
	Figure - Figure B.2: Sensor occurrence for applied damage in section 8 utilizing 10 DLVs. Sensors...
	Figure - Figure B.3: Sensor occurrence for applied damage in section 8 utilizing 12 DLVs. Sensors...
	Figure - Figure B.4: Sensor occurrence for applied damage in section 8 utilizing 15 DLVs. Sensors...
	Figure - Figure B.5: Sensor occurrence for applied damage in section 8 utilizing 18 DLVs. Sensors...
	Figure - Figure B.6: Sensor occurrence for applied damage in section 8 utilizing 21 DLVs. Sensors...

	Heading2 - B.2 Location plots for applied damage in section 9
	Figure - Figure B.7: Sensor occurrence for applied damage in section 9 utilizing 10 DLVs. Sensors...
	Figure - Figure B.8: Sensor occurrence for applied damage in section 9 utilizing 13 DLVs. Sensors...
	Figure - Figure B.9: Sensor occurrence for applied damage in section 9 utilizing 14 DLVs. Sensors...
	Figure - Figure B.10: Sensor occurrence for applied damage in section 9 utilizing 17 DLVs. Sensor...
	Figure - Figure B.11: Sensor occurrence for applied damage in section 9 utilizing 19 DLVs. Sensor...
	Figure - Figure B.12: Sensor occurrence for applied damage in section 9 utilizing 21 DLVs. Sensor...

	Heading2 - B.3 Location plots for applied damage in section 11
	Figure - Figure B.13: Sensor occurrence for applied damage in section 11 utilizing 8 DLVs. Sensor...
	Figure - Figure B.14: Sensor occurrence for applied damage in section 11 utilizing 11 DLVs. Senso...
	Figure - Figure B.15: Sensor occurrence for applied damage in section 11 utilizing 12 DLVs. Senso...
	Figure - Figure B.16: Sensor occurrence for applied damage in section 11 utilizing 15 DLVs. Senso...
	Figure - Figure B.17: Sensor occurrence for applied damage in section 11 utilizing 18 DLVs. Senso...
	Figure - Figure B.18: Sensor occurrence for applied damage in section 11 utilizing 21 DLVs. Senso...

	Heading2 - B.4 Location plots for applied damage in section 12
	Figure - Figure B.19: Sensor occurrence for applied damage in section 12 utilizing 6 DLVs. Sensor...
	Figure - Figure B.20: Sensor occurrence for applied damage in section 12 utilizing 8 DLVs. Sensor...
	Figure - Figure B.21: Sensor occurrence for applied damage in section 12 utilizing 14 DLVs. Senso...
	Figure - Figure B.22: Sensor occurrence for applied damage in section 12 utilizing 16 DLVs. Senso...
	Figure - Figure B.23: Sensor occurrence for applied damage in section 12 utilizing 20 DLVs. Senso...

	Heading2 - B.5 Location plots for applied damage in section 13
	Figure - Figure B.24: Sensor occurrence for applied damage in section 13 utilizing 2 DLVs. Sensor...
	Figure - Figure B.25: Sensor occurrence for applied damage in section 13 utilizing 8 DLVs. Sensor...
	Figure - Figure B.26: Sensor occurrence for applied damage in section 13 utilizing 9 DLVs. Sensor...
	Figure - Figure B.27: Sensor occurrence for applied damage in section 13 utilizing 12 DLVs. Senso...
	Figure - Figure B.28: Sensor occurrence for applied damage in section 13 utilizing 14 DLVs. Senso...
	Figure - Figure B.29: Sensor occurrence for applied damage in section 13 utilizing 17 DLVs. Senso...

	Heading2 - B.6 Location plots for applied damage in section 14
	Figure - Figure B.30: Sensor occurrence for applied damage in section 14 utilizing 11 DLVs. Senso...
	Figure - Figure B.31: Sensor occurrence for applied damage in section 14 utilizing 11 DLVs. Senso...
	Figure - Figure B.32: Sensor occurrence for applied damage in section 14 utilizing 15 DLVs. Senso...
	Figure - Figure B.33: Sensor occurrence for applied damage in section 14 utilizing 17 DLVs. Senso...
	Figure - Figure B.34: Sensor occurrence for applied damage in section 14 utilizing 20 DLVs. Senso...

	Heading2 - B.7 Location plots for applied damage in section 15
	Figure - Figure B.35: Sensor occurrence for applied damage in section 15 utilizing 8 DLVs. Sensor...
	Figure - Figure B.36: Sensor occurrence for applied damage in section 15 utilizing 10 DLVs. Senso...
	Figure - Figure B.37: Sensor occurrence for applied damage in section 15 utilizing 12 DLVs. Senso...
	Figure - Figure B.38: Sensor occurrence for applied damage in section 15 utilizing 15 DLVs. Senso...
	Figure - Figure B.39: Sensor occurrence for applied damage in section 15 utilizing 18 DLVs. Senso...
	Figure - Figure B.40: Sensor occurrence for applied damage in section 15 utilizing 21 DLVs. Senso...

	Heading2 - B.8 Location plots for applied damage in section 16
	Figure - Figure B.41: Sensor occurrence for applied damage in section 16 utilizing 1 DLVs. Sensor...
	Figure - Figure B.42: Sensor occurrence for applied damage in section 16 utilizing 2 DLVs. Sensor...
	Figure - Figure B.43: Sensor occurrence for applied damage in section 16 utilizing 10 DLVs. Senso...
	Figure - Figure B.44: Sensor occurrence for applied damage in section 16 utilizing 13 DLVs. Senso...
	Figure - Figure B.45: Sensor occurrence for applied damage in section 16 utilizing 14 DLVs. Senso...
	Figure - Figure B.46: Sensor occurrence for applied damage in section 16 utilizing 17 DLVs. Senso...
	Figure - Figure B.47: Sensor occurrence for applied damage in section 16 utilizing 19 DLVs. Senso...
	Figure - Figure B.48: Sensor occurrence for applied damage in section 16 utilizing 21 DLVs. Senso...

	Heading2 - B.9 Location plots for applied damage in sections 7 damage size 2
	Figure - Figure B.49: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure B.50: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure B.51: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure B.52: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure B.53: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...
	Figure - Figure B.54: Occurrence of sensors for applied damage in section 7 size 2 (refer to Figu...

	Heading2 - B.10 Location plots for applied damage in sections 7 damage size 3
	Figure - Figure B.55: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.56: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.57: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.58: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.59: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.60: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...
	Figure - Figure B.61: Occurrence of sensors for applied damage in section 7 size 3 (refer to Figu...

	Heading2 - B.11 Location plots for applied damage in sections 7 damage size 4
	Figure - Figure B.62: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure B.63: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure B.64: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure B.65: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure B.66: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...
	Figure - Figure B.67: Occurrence of sensors for applied damage in section 7 size 4 (refer to Figu...

	Heading2 - B.12 Location plots for applied damage in sections 7 damage size 5
	Figure - Figure B.68: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.69: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.70: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.71: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.72: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.73: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...
	Figure - Figure B.74: Occurrence of sensors for applied damage in section 7 size 5 (refer to Figu...

	Heading2 - B.13 Location plots for applied damage in sections 7 damage size 6
	Figure - Figure B.75: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.76: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.77: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.78: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.79: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.80: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...
	Figure - Figure B.81: Occurrence of sensors for applied damage in section 7 size 6 (refer to Figu...

	Heading2 - B.14 Progressive damage plate for applied damage in section 7 followed by damage in se...
	Figure - Figure B.82: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.83: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.84: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.85: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.86: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.87: Occurrence of sensors for progressive damage in section 7 in order to locat...

	Heading2 - B.15 Progressive damage plate for applied damage in section 7 followed by damage in se...
	Figure - Figure B.88: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.89: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.90: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.91: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.92: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.93: Occurrence of sensors for progressive damage in section 7 in order to locat...
	Figure - Figure B.94: Occurrence of sensors for progressive damage in section 7 in order to locat...


	Heading Chapter - Technical Drawings for the Experimental Setup
	Figure - Figure C.1: Technical drawing of the bottom two fiber holders
	Figure - Figure C.2: Technical drawing of the left two fiber holders
	Figure - Figure C.3: Technical drawing of the plate holder
	Figure - Figure C.4: Technical drawing of the plate
	Figure - Figure C.5: Technical drawing of the puller
	Figure - Figure C.6: Technical drawing of the right side puller holder
	Figure - Figure C.7: Technical drawing of the top side puller holder
	Figure - Figure C.8: Technical drawing of the strain gage mount



